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A characterization study on synthetic wastewaters containing various 
commercially available ink-jet inks was conducted. Analysis of this resulted in the 
identification of seven high-risk non-compliance parameters. A deterministic 
approach based on Beer’s law of absorbance additivity was developed for 
determining the COD of mixtures of ink effluents using absorbance measurements at 
four specific wavelengths. Based on an in-depth analysis of the compositions of ink 
effluents, a list of simple and rapid on-site water quality parameters was proposed for 
monitoring the quality of the treated ink waste water. The feasibility of combining 
ultrasonication and Fenton’s reaction was investigated for treating various cyan ink 
effluents, including the recently developed fade and smear resistance inks. Based on 
the results obtained in the feasibility studies, a novel two-step treatment process was 
developed – the first step was an ultrasound-assisted electro-oxidation, while the 
second was chemical oxidation with the addition of hydrogen peroxide. Several rapid 
methods for monitoring the reaction progress and ink effluent quality assessment 
have also been developed.  In order to develop the novel two-step treatment process 
at the industrial scale, various correlations were made based on a number of vital 
process parameters needed as model input for computer simulations. In particular, 
correlations for the power density for the reaction vessel within the conventional 
ultrasound baths and the kinetics data for various treatment steps were obtained. 
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SUMMARY 
With the growth in the volume of ink-jet printer production, there is a 
continuous demand to search for a technically and economically optimal solution for 
the treatment of ink-jet ink effluents. Currently, ink effluents are treated by the 
chemical oxidation process (Fenton’s reaction), and a major problem associated with 
this is the excessive use of chemicals with a concomitant production of waste sludge. 
In this research, the feasibility of using ultrasonication in combination with the 
Fenton’s reaction was investigated. While the application of sonolysis pertinent to the 
degradation of specific organic compounds has been studied, this has not been 
exploited for treating ink effluents. 
A characterization study on the synthetic waste waters containing various 
commercially available ink-jet inks was conducted. Analysis of this resulted in the 
identification of 7 high-risk non-compliance parameters: COD, BOD5, TDS, phenols, 
copper, iron and sulphate concentration. Of these, COD reduction was found to be the 
most stringent treatment criterion based on the industry-accepted standard Fenton’s 
oxidation reaction for treatment.  TDS and COD were also proposed as critical 
parameters for the initial assessment of the quality of untreated ink effluents. To make 
way for rapid and robust indications of the TDS and COD of the untreated ink 
effluents, a correlation for TDS as a function of conductivity and turbidity was 
obtained. Furthermore, a deterministic approach based on Beer’s law of absorbance 
additivity was developed for determining the COD of mixtures of ink effluents using 
absorbance measurements at 210, 436, 525 and 620 nm.  These were validated 
successfully against experimental data.  Based on an in-depth analysis of the 
 vi
composition of ink effluents, a list of simple and rapid on-site water quality 
parameters was proposed for monitoring the quality of the treated ink waste water.  
This consisted of measurements of UV-absorbance at 210 nm, conductivity, pH, 
turbidity and colour.  Based on the discharge limits imposed by a particular country, 
one can then develop a range of values for this quality parameter list in order to meet 
the discharge regulations in that country. The Singapore context was used as a case 
study to illustrate this approach. 
 
A novel two-step treatment process was developed – the first step was an 
ultrasound-assisted electro-oxidation, while the second was chemical oxidation with 
the addition of hydrogen peroxide.  The use of electro-oxidation in the first step 
significantly reduced the amount of iron needed compared to the conventional 
Fenton’s reaction, resulting in a great reduction in the amount of sludge produced. It 
was found that ultrasonication in the presence of iron (from electrolysis) converted 
the ink components into reaction intermediates which were more amenable to 
peroxide oxidation in the second step.  These intermediates were quantified by UV 
absorption at wavelengths within the range of 275 to 400 nm.  During the same 
reaction time, the ratio of the treated effluent CODe to the initial untreated ink COD0 
was lower than the value obtained from the conventional  Fenton’s reaction; the same 
COD removal can also be achieved using the 2-step process in about half the time of 
the Fenton’s reaction.  In addition, a kinetics study was also performed to further 
understand the reaction mechanisms with regard to the reaction order and the effect of 
temperature in the novel 2-step treatment process. 
 vii
 Several quick methods for monitoring the reaction progress and ink effluent 
quality have also been developed.  In order to develop the novel two-step treatment 
process at the industrial scale, various correlations were determined based on a 
number of vital process parameters needed as model input for computer simulations. 
In particular, correlations for the power density for the reaction vessel within the 







The following symbols are used in this report: 
 
 BOD5     = biochemical oxygen demand at 5 days (mg/L); 
 
 COD      = chemical oxygen demand (mg/L); 
 
 CS         = specific conductivity (μS /cm); 
 
 TUR       = turbidity (FAU); 
 
      ORP      = oxidation/reduction potential (mV); 
 
 UV         = absorbance on a UV-Vis spectrophotometer (a.u.).  
 
 n  = moles O per mole oxidant 
            MW   =molecular weight of the oxidant (g/mol) 
 I   = current flow (A)    
            t  = duration of current flow (s) 
           Cp   = specific heat capacity of water (4.184 J/g oC) 
            T =   steady-state temperature (oC) 
            Chapter 4 
             A       = frequency factor, same unit as  k 
             Ci       = concentrations of ink effluents in organic matter at time t (mg/L) 
             Ci0      = concentrations of ink effluents in organic matter at time t0 (mg/L) 
             k        = kinetic rate constant, units depend on the reaction order 
             Ea       = Activation Energy (J/mole) 
             R         = Universal Gas Constant, 8.314 J/K- mol 
       Pd       = Power density in the reaction vessel (W/cm3) 
             Pdb        = Power density of the ultrasonic bath (W/cm3) 
             Av       = Base area of reaction vessel (cm2) 
             d         = distance between base of vessel and bottom of bath (cm) 
 ix
             x     = difference between level of water in suspended vessel and level of                              
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1.1 Background and Motivation 
 
 
Current industrialization trends in many developed and newly developed 
countries have moved toward the development of high value added industries like 
specialty chemicals and pharmaceuticals industries. Production of printing inks for 
the inkjet printer is one of these high growth industries. These developments generate 
increasing amounts of industrial wastewater and solid waste, which lead to a 
subsequent degradation of watercourses. Given the global shortage of clean water 
resource in many urban area and cities, there is an increasing trend of water reuse 
practice. Concurrently, a call for better wastewater pretreatment at the source is on 
the rise. This course of action together with the response to many country’s 
environmental protection program, which additionally aims at maintaining aesthetic 
waterbodies, clean and clear water with a large diversity of aquatic life, inevitably 
results in stringent discharge standards. 
 
Ink-jet printing involves squirting droplets of ink onto a substrate to produce 
an image. Ink-jet inks have to meet the dual requirements of good print quality and 
compatibility with the printer cartridge. Good print quality depends on the inks’ 
ability to form controllable droplets and on the printing properties of the ink. Vast 
research on varying the compositions of inks, discovery of new dyes and dye 
synthesis, has dominated the ink-jet patent activity for the past decade. 
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The majority of ink jet printers for office quality output uses the drop-on-
demand technology and aqueous-based inks. Aqueous based inks usually contain co-
solvents, such as ethylene glycol-glycerol and a mixture of water-soluble dyes and/or 
pigments as colouring agents. The dyes and pigments are highly non-biodegradable 
and contribute significantly to the dissolved organic matter in ink effluents.  
Frequently, waste streams from the ink industries can be eliminated or reduced by 
process modifications or improvements.  In addition, some measures on the water 
saving and on the recovery of by-products are frequently incorporated into the ink 
production lines. These practices usually generate an inevitable waste stream, which 
although low in volume, is rich in non-biodegradable compounds.  It is essential for 
in-plant treatment of such waste streams as it is easier and much less costly to remove 
a specific pollutant from a small, concentrated stream than from a large, diluted one. 
 
For the ink industry, chemical oxidation remains a widely used method. 
Treatment methods involve the removal of the colour due to the presence of residual 
dye/pigment in the combined ink effluents from different production lines. A practical 
technology for the treatment method must also address both soluble and insoluble 
dyes. Fenton’s reaction – first proposed about a century ago by H.J.H. Fenton- the 
iron (II) catalysed hydrogen peroxidee ( H2O2 )oxidation process, has shown to be 
effective in decolourising both soluble and insoluble dyes, and majority of the ink-jet 
inks industries currently employ this method. The industry-accepted standard 
Fenton’s reaction is based on the hydroxyl free radical chemistry, and the chemical 
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interactions are highly non-specific and non-selective. The extremely high oxidation 
potential of the OH radical (2.80 V) and the fact that the bond energy of the H -OH 
bond (496.2 kcal/mol) is much greater than the energy of all known H - R bonds 
imply that all the hydrocarbons should be theoretically oxidized. However, because 
ink-jet inks effluents contain high strength soluble organic matter, this process 
requires relatively large quantities of H2O2 and acid (for subsequent neutralization) 
and consequently produces a large amount of sludge, leading to a problem in the final 
sludge disposal.  Thus, the development of an advanced oxidation process for ink 
effluent treatment, leading to smaller chemical usage and sludge production, as well 
as being a cleaner and more energy efficient technology is a worthy approach. 
 
 
In the last 30 years, a great amount of development has been devoted to combinations 
of treatment elements known as ‘advanced oxidation processes’ (AOPs), such as 
photolysis (including UV), oxidation by H2O2, O3, electrolysis, adsorption on active 
carbon or zeolite, sonolysis, etc. for effluents treatment. H2O2 is a key element in 
many such treatment combinations. It is pertinent to consider the ‘clean chemistry’ 
credentials of H2O2, which manufacture worldwide based on the auto-oxidation of 2-
alkylanthraquinols (Q’ (OH)2) in a mixed organic solvent (Goor and Kunkel, 1989). 
H2O2 has an inherent advantage of generating no significant waste during use. The 
low intrinsic reactivity of H2O2 is another advantage. In this case, a method can be 
used that selectively activate it to perform a given oxidation. Among the AOP 
permutations, pairs of H2O2, ozone and UV are in common use and can be used 
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effectively on concentrated or dilute effluents. A more unusual technique is the use of 
H2O2 with ultrasonic power. This technique has the advantage to produce hydroxyl 
radicals, along with high local temperatures and pressures in the cavitations bubbles 
formed. The hydroxyl radicals are an extremely powerful oxidant, of which the rate 
coefficients with organic molecules are generally in the range of 108 to 1010 M-1 s-1 
(Glaze and Kang, 1989). In terms of convenience and simplicity of operation, power 
ultrasound irradiation may prove to be far superior to many alternative approaches. 
Optimization of aqueous-phase pollutants degradation rates within the acoustical 
processors can be achieved by adjusting the energy density, the energy intensity, and 
the composition of the saturating gas in the solution. However, in many sonochemical 
processes, a known ‘decoupling’ effect is observed such that the observed 
degradation rate constant increases as the energy density and intensity are increased 
up to a saturation value (Mason, 2000). 
 
In recent years, the utilization of high-energy ultrasound for the treatment of 
aqueous chemical contaminants has been explored with a great interest.  Ultrasonic 
irradiation appears to be an effective method for the rapid destruction of organic 
contaminants in water. To date, no literature has reported on the application of 






                                                                                                                           Introduction 
1.2 Objectives and Scope 
 
In this research, we aim at different aspects of treating ink-jet ink effluents 
using a combination of ultrasonication and the Fenton’s reaction. Prior to any 
proposed treatment process feasibility study, the development of the water quality 
parameter assessment system is vital. A systematic approach to assess the quality of 
treated ink wastewater study is necessary. The overall objectives of the project 
therefore included ink effluent characterization, treatment feasibility studies for using 
sonolysis and ultrasound assisted H2O2 oxidation process and the development of 
correlations required in practical design and the improvement of any developed 
processes.  
. 
1.2.1 Ink effluent Characterisation 
In order to quantify the extent of ink wastewater treated, the selection of water 
quality indicators is vital.  The parameter selection was based on the effluent quality 
standards set by various regulatory agencies (including the NEA and USEPA) on the 
various quality requirements for proper discharge of treated water. Here, a series of 
baseline tests was conducted for a selected list of key parameters, such as the total 
dissolved solid (TDS), biochemical oxygen demand (BOD), chemical oxygen 
demand (COD), pH and oxidation-reduction potential (ORP), to name a few, in 
synthetic wastewater constituted with various commercially available ink-jet inks. 
The list of relevant quality parameters was finally selected based on their robustness 
in use as water quality indicators.  The sensitivity and reliability studies of these 
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parameters were carried out to ascertain this. The generation of a range of various 
quality indicators served as the basis for the evaluation of the treatability studies that 
followed. 
 
1.2.2 Treatability study of ultrasound assisted hydrogen peroxide oxidation 
process 
Investigative studies were performed on a single type of ink wastewater to 
evaluate the effect of ultrasonication on the chemical oxidation process. In this case, 
ultrasonic power provided an alternative form of energy to augment the chemical 
oxidation reaction. Separate experiments involving ultrasound alone and the catalytic 
hydrogen peroxide oxidative process alone were carried out and the results served as 
the basis of reference for coupling of the two. Subsequently, experiments on the 
effects of simultaneous use of power ultrasound and oxidation were performed.  The 
selection of the appropriate methods of introducing ultrasound into the oxidation 
process was made based on the practicality of the industrial scale of treatment 
operations. Of specific interests was the effect of ultrasound power density and 
retention time on the efficacy of the degradation of ink components, the effects of 
sonication on the kinetics of the chemical oxidation reaction, as well as the 
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1.2.3 Development of correlations for the integrated treatment process 
simulations 
Generation of the range of the various quality indicators, process monitoring 
parameters, quantification of ultrasonic power density, kinetic data and sludge 
production rate of the proposed ultrasound assisted hydrogen peroxide treatment 
process is vital to the development of the integrated treatment process . In addition, 
correlations developed here will have significant contributions to both the time saving 
factor and the economics factor in the evaluations of the proposed treatment system 
based on different treatment options for the purpose of upgrading existing industrial 
treatment plants, process control and monitoring of current treatment processes. 
 
 
1.3 Thesis Organization 
 
This thesis is organized into five chapters. Chapter 2 provides the motivation 
and impetus of this research work via a thorough analysis of published literature. 
Materials and experimental methods required for the treatment feasibility study and 
development are detailed in Chapter 3. Experimental results obtained with the 
relevant discussions are presented in Chapter 4. The last chapter summarizes 
conclusions arrived as a result of this research work and the recommendations put 







2.1 Inkjet Ink Effluents 
 
2.1.1 Inkjet Technologies 
Printer technologies of all kinds are categorized along three dimensions: how 
ink or toner is physically delivered to the page (impact or non-impact), how 
individual characters are printed (fully-formed character or dot matrix character), and 
how the entire page is printed (serial, line or page).  
Inkjet printing is a non-impact printing technology, in which droplets of ink 
are sprayed onto the page to create an image. There is an enormous variety of inkjet 
technologies, each distinguished by the type of ink used and the technology used to 
spray that ink. Although inkjet printers have become widespread only in the last few 
decades, the technology for spraying fine droplets of ink onto a page has been under 
development for over a century. 
 
2.1.2 Drop-on-demand Inkjet Printing 
Drop-on-demand inkjet printers produce ink droplets only when needed, 
rather than in a continuous stream. Various technologies are used to drive the droplets 
out of a print-head, including “electrostatic pull” (electrical fields literally pull a drop 
out of a nozzle), piezoelectric transducers (special crystals in the ink reservoir expand 
when electricity is applied), and thermal beating (a thermal resistor boils the ink in a 
reservoir, and the resulting gas drives the remaining liquid out). In general, the firing 
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frequency of a drop-on-demand inkjet print head is far lower than a continuous inkjet 
head, typically in the 3,000 - 5,000 cycles per second. Ink composition is also more 
critical in a drop-on-demand product, because when the system is not running, the ink 
can easily dry out and plug a nozzle. 
Piezoelectric inkjet technology was first developed in the early 1970s.It was 
not particularly successful due to the high cost and difficulty of producing print heads, 
especially a disposable print head comparable to those of HP and Canon. There has 
been only one broadly successful line of piezoelectric printers, the Stylus line from 
Epson. 
Thermal inkjet technology combines the print head and the drop ejection 
apparatus (e.g. a collapsible ink bladder) in a throwaway, operator-replaceable 
cartridge. The small print head is equipped with a linear array of microscopic nozzles. 
Each nozzle is backed by a miniature heating element and can supply a drop of ink on 
demand as the print head scans across the paper. A brief pulse of current passes 
through the heating element generating a vaporized bubble of ink. The bubble then 
bursts, propelling an ink droplet through the nozzle and toward the paper. The nozzle 
is automatically refilled by capillary action. The bladder collapses as the ink is used 
up, providing a constant back pressure. To avoid the problem of print head clogging 
with dried ink, a few drops of ink are sprayed on an absorber when the printer is 






2.1.3 Components of Inkjet Ink 
The Archilles Heel of inkjet technology has always been reliability. It is very 
difficult to control the flow of ink, and also to prevent it from drying and clogging a 
print-head. Another problem has been print quality: the relationship between ink, 
especially a liquid ink, and paper is very unpredictable. Hence, for inkjet printer 
manufacturers that are required to produce reliable printer, there are two major factors 
of concern. There are the ink chemistry and hydrodynamics. 
In order to stabilize the fluid and obtain the rheologic properties needed for 
reliable operation, modern formulations for commercial inkjet fluids often contain a 
half dozen or more additives in addition to the dyes and pigments (Kang, 1991). 
Some of the additives serve more than one function. A commercial inkjet ink 
intended for the document printing or deposition of reagents may therefore comprise 
a complex multi-fluid mixture. These components may consist of pigments or dyes, 
solvents (water, alcohols and etc.), humectants, dispersants, surfactants, viscosity 
modifiers, polymeric fluid elasticity agents, anti-fungal agents, chelating agents, pH 
controllers, corrosion inhibitors and defoamers. In addition, additives are added 
specifically for thermal inkjet, such as the antikogation agent and the bubble 
nucleation promoter. Some typical compositions for the ink-jet inks are listed in  
Appendix A3.  
 
In the imaging and printing industries, inks for ink-jet printers are developed 
for specific purposes, such as printing text or photographs, and the entire printer 
systems are built around them. Many printers are made for particular cartridges. 
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There a number of additives specific for inkjet image printing. These include the 
penetrants and dye immobilization agents.  Fixatives and binders are additives that 
are intended to increase the smear resistance of the printing image and these are 
typically resins and polymers. In addition, anticockel additives, ultraviolet blockers, 
free-radical inhibitors and antioxidants are utilized to protect the image from fading. 
The three main causes of chemical degradation of dyes and pigments are exposure to 
light (i.e., ultraviolet components of sunlight), atmospheric oxygen and chemical free 
radicals. Thus, one key research area for inks makers is to find methods of enhancing 
color permanence of inkjet printable inks.   In this respect, the leading inks makers 
are racing to excel in fade resistant and smear resistant ink formulation. The current 
technology in fade resistant ink-jet printer inks lies in the presence of excess silver 
halide, which is the main component in traditional photographic film (Pond, 2000). 
Ink-jet printer manufacturers had conducted experiments with viscosity, surface 
tension, particle distribution, optical density and a host of other factors- including 
“smear-fastness”- to formulate their respective optimal ink combination. Hence, these 
competitions among the inks producers had led to a great complexity in ink effluent. 
The high organic contents and high strength colour ink effluent are the characteristics 
for the ink-jet ink effluent in majority of the cases. 
 
2.2 Biodegradability of Ink Effluents 
 
Biodegradability is one of the most significant parameters to be concerned 
with for the degradation of ink effluents, as it determines the ease of biological 
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treatment by public sewer treatment plants. The biodegradability index in this case 
refers to the ratio of biochemical oxygen demand at 5 days (BOD5) to chemical 
oxygen demand (COD). The COD test measures the total organic content of the waste 
sample, of which, most of these organic compounds are either partially biodegradable 
or non-biodegradable. Thus, COD values of untreated wastewater differ greatly from 
their BOD5 values due to the presence of components that are toxic or inhibitory to 
microbial growth.  
One of the largest groups of colorants in the inkjet ink effluent is the Azo dyes. 
They are known to be recalcitrant to aerobic biodegradation and short-term anaerobic 
treatment due to the interference of denitrification (Rehorek et al., 2004). Azo dyes 
themselves are not toxic. However, under anaerobic conditions,  azo dyes are cleaved 
by microorganisms to form potentially carcinogenic aromatic amines. The fragments 
of azo bond cleavage can undergo autoxidation under aerobic conditions, again 
forming colored products. Aromatic amine formation may be avoided by the use of 
oxidative processes (Rehorek et al., 2004). Thus, ink effluents by their very nature are 
unlikely to be easily biodegradable. 
Biodegradability may be defined as the ease of breakdown of organic 
contaminants that occurs due to microbial activity. Biodegradability index that is 
more than 0.4 will reveal that the wastewater sample is thoroughly biodegradable 
(Chamarro et al., 2001). Through research, most ink effluents have a biodegradability 
index much lower than 0.4 and this may be the reason why biological degradation 
methods are not used for treating ink effluents. In the industry, chemical oxidation 
methods are commonly used for ink wastewater treatment, either for complete 
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degradation of ink to dischargeable standards or a partial oxidation to make the 
pollutants more amenable to subsequent biological degradation (Eckenfelder, 2000). 
 
2.3 Conventional Fenton Treatment Process 
 
The high organic contents and high strength colour ink effluent call for a fast, 
inexpensive, ease to operate on-site operation with the ultimate goal of meeting the 
respective regulatory effluent discharge limit. Oxidation technologies remain a widely 
used treatment process for the multi-component ink-jet effluents.  
 
 Fenton’s reaction is one of the most common ways of treating ink effluents. 
In this, through a combination of hydrogen peroxide and iron (II) salts, organic 
components are oxidized to carbon dioxide upon reaction. Partial degradation can 
also be done to convert the parent compounds in the waste to biodegradable products, 
while destroying inhibitory compounds (Rivas et al., 2003). 
 
The reaction mechanism that occurs includes the initial heterolysis fission of 
hydrogen peroxide into hydroxide ions and hydroxyl free radicals. The hydroxyl 
radicals act as the oxidizing species (Pignatello, 1992) that oxidize and break down 
the organic molecules: 
 




After the initiation step, a series of chain reactions follows, from which Fe(II) 
ions are catalytically  regenerated: 
    
                             Fe3+ + H2O2 ↔ Fe-OOH2+ + H+  .  (2.2) 
   Fe-OOH2+ → HO2* + Fe2+   .  (2.3) 
   Fe2+ + HO2* → Fe3+ + HO2-   .  (2.4) 
   Fe3+ + HO2* → Fe2+ + H- + O2  .  (2.5) 
   OH* + H2O2 → H2O + HO2*   .  (2.6) 
 
The termination step occurs as Fe2+ reacts with the hydroxyl radicals to form 
iron (III) hydroxide that contributes to sludge formation during the Fenton reaction. 
 
                              OH* + Fe2+ → OH- + Fe3+   .  (2.7) 
 
The rate of reaction is usually limited by the generation rate of free hydroxyl  
radicals, which in turn is dependent on the amount of the iron catalyst present. 
Typically, the amount of iron salt added is based on a mass ratio of 1:5-10 for FeSO4: 
H2O2 and the process time can be greatly extended when an iron content is less than 
25 mg/L (Eckenfelder, 2000).  
 
The optimal pH for Fenton reaction is between pH 2 to 4. When the pH 
increases above the optimal range, a majority of the hydrated iron (II) will be 
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converted to iron (III). The ferric iron formed, in turn catalyses the decomposition of 
hydrogen peroxide to oxygen and water without forming free hydroxyl  radicals. 
 
Temperature increase also has a positive effect in increasing the rate of the 
reaction, especially at temperatures lower than 20oC. However, as temperature 
increases above 50 oC, decomposition of hydrogen peroxide to water and oxygen 
becomes more rapid, leading to a decrease in the efficiency of the Fenton’s reaction.  
Hence, a more practical operating temperature is in the range of 20 oC to 40 oC.  The 
rate constant for the Fenton reaction as compared with some of the advanced 
oxidation treatment process are listed in the following table for reference. 
Table 2.1: Pseudo-first order kinetic for different advanced oxidation processes     
(Esplugas et al., 2002) 
 





O3/ H2O2 2.13 
O3/ UV 3.14 
O3/ UV, H2O2 4.17 
O3 4.42 
UV/ H2O2 6.26 
Fenton 22.2 




There are several reasons why the Fenton’s reaction is favored in the industry. 
Hydrogen peroxide, a component of the Fenton reagent, can be stored as compared to 
other oxidizing reagent, for instance, ozone (EPA, 1996), which has a half life of 20-
30 minutes at 20oC and must be produced onsite due to its storage impracticability. 
Hydrogen peroxide also has an advantage over chlorine-containing oxidants, since 
potentially hazardous by-products such as chloroform, are not formed (Eckenfelder, 
2000). The Fenton’s reagent has also been characterized by its cost effectiveness, 
simplicity and suitability in treated aqueous wastes exhibit various compositions. The 
susceptibility to the Fenton reaction varies with different kinds of waste water and 
conditions, thus, treatability studies will usually be carried out on the wastewater 
samples before scaling up the treatment process to an industrial level. 
 
However, there are several problems associated with the use of the Fenton 
reaction, one of which is the large amount of oxidant required for complete oxidation 
of organic carbon and this contributes extensively to the cost of operation. Another 
major problem is the large amount of sludge produced due to iron (III) hydroxide 
precipitation in the terminating step. Sludge management is important, as it 
contributes to both operation and maintenance costs in treatment plants. With the 
stringent control exerted on wastewater solid content, more intensive chemical waste 
water treatment method may be employed. While another alternative is to modify the 
reaction procedure by reducing the amount of sludge produced. 
 
 
2.4 Oxidant Stoichiometric Dosage – A ‘Free Reactive Oxygen’ Approach 
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Chemical oxidation proceeds with the use of oxidizing agents, such as ozone 
(O3), H2O2, permanganate (MnO4-) or even O2, without the need for microorganisms. 
It is normally carried out when organic compounds are non-biodegradable, toxic or 
inhibitory to microbial growth.  
Estimation of the oxidant requirement for an oxidation treatment process is a 
vital design step. This is usually determined from the stoichiometric relationship 
between the treated compounds and the oxidant. This will ensure that treatability 
experiments can be designed within reasonable limits.  
A general approach is desirable for converting the stoichiometry for a 
particular compound from one oxidant to another. A “reactive free oxygen” O. 
approach may be used for this purpose. Based on this, the half-reactions for each 
oxidant can then be expressed in terms of “free reactive oxygen”. Using simple 
oxygen as an example, then one mole of oxygen will give rise to two mole of “free 
reactive oxygen”. Hence, the half-reactions for any oxidant in terms of “free reactive 
oxygen” can be arrived at by balancing the electrons with the equivalent free reactive 
oxygen based on water (H2O → O.  + 2 e- + 2 H+). In this way, all the electrochemical 
half-reaction for any oxidant can be converted to equivalent half-reaction with the 
free reactive oxygen instead of electrons. 
 For the ultimate conversion of an organic compound to CO2 and H2O, a 
general stoichiometric equation may be derived for the free reactive oxygen. (CaHbOc 
+ d O.  → a CO2  + (b/2) H2O , where d = 2a + b/2 –c ) Then, the equation may be 
balanced for any oxidant by adding the half-reaction for the oxidant times the number 
of free reactive oxygen required (d) divided by the stoichometric number of free 
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reactive oxygen produced. For example, for phenol ( C6H5OH ), balancing the half-
reactions with hydrogen peroxide as the oxidant will require 14 moles of hydrogen 
peroxide for one mole of phenol. This is so because one mole of hydrogen peroxide 
will generate one mole of “free reactive oxygen”. 
 
  In practice , a wastewater may consist of a myriad of compounds.  Therefore, 
the use of a theoretical stoichiometry may not be applicable, since the background 
oxidizable compounds may introduce some errors.  Instead, a readily measurable 
parameter, COD, is preferred and it can be converted to the total stoichiometric 
requirement for an arbitrary wastewater as shown belows: 
 




2 ××=   
Where  n = moles O per mole oxidant 
  MW =  molecular weight of oxidant (g/mol) 
  COD =  chemical oxygen demand (mg O2/L) 
 
Take H2O2 as an example: 




2 =××=  
 
2.5 Application of Power Ultrasound in degrading  aquatic contaminants 
 
 
Acoustic wave with frequency range from 20 kHz to 2 MHz and intensity 
greater than 1 W/cm2 is generally termed as “power ultrasound”.  Introduction of such 
sound energy into liquid reaction mixtures is known to cause a variety of chemical 
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transformations. This ultrasonic irradiation of liquid mixtures induces electro-
hydraulic cavitation, which is a process during which the radii of preexisting gas 
cavities in the liquid oscillate in a periodically changing pressure field created by the 
ultrasonic waves. These oscillations eventually become unstable, forcing the violent 
implosion of the gas bubbles.  Adiabatic heating of the vapor phase of the bubble, 
yielding localized and transient high temperatures and pressures accompany the rapid 
implosion of a gaseous cavity. Temperatures on the order of 4,200 K and pressures of 
975 bar have been estimated (Mason and Lorimer , 1988). Experimental values of P = 
313 atm and T = 3360K have been reported for aqueous systems, while temperature 
in excess of 5,000K have been reported for cavitation in organic and polymeric 
liquids (Hoffmann et al.,1996). Hence, the apparent chemical effects in liquid 
reaction media are either direct or indirect consequences of these extreme conditions. 
 
2.5.1 Degradation rates of Persistent Water Contaminants 
An intention to use ultrasonic degradation of persistent water contaminants in 
aquifers and potable water supplies was proposed and led to the study on the physical 
basis of the dependence of sonochemical rates on molecular and acoustical field 
parameters (Hoffmann et al., 1996). In this analysis, the realization that most organic 
vapors fully decompose under the extreme conditions prevalent in collapsing bubbles 
is crucial. The experimental degradation rates for a series of chlorinated hydrocarbons 
(a pervasive class of water pollutants) as a function of applied ultrasound frequency 
was also reported (Colussi et al., 1999). By emerging several fundamental issues, 
such as the dynamics of bubble expansion and collapse, the extent of mass transfer 
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across the bubble surface prior to collapse, and the distribution of bubble sizes in 
liquids continuously exposed to ultrasound, the sonochemical degradation rates of 
volatile solutes can be estimated within experimental error from generally available 
information.  
 
The degradation rates of chlorinated methane, ethane and ethene (spanning the 
range of Henry’s law constants of 0.9 < H /(atm M-1) < 24.5) in water solutions 
sonicated at f = 205, 358, 618 and 1078 kHz were found to have first-order 
degradation rate constants, kx ,that vary as , kx  ~ Hx0.3+/-0.03 at all frequencies. These 
change with f by less than a factor of 2 in this range, and peak at about 600 kHz for 
all species. In addition, the experimentally –observed reaction rates are also shown to 
be consistent with 1) complete decomposition of solute contained in collapsing 
bubbles, 2) about 15% ultrasound power efficiency for transient cavitation, and 3) a 
relatively flat, initial radius bubble distribution under continuous sonication. The 
solute content of collapsing bubbles is composed of equilibrated vapor at r0, plus the 
amount incorporated by diffusion from the surrounding solution during the 
acoustically driven expansion from r0 to rmax, the maximum radius attained prior to 
collapse. The finding that kx declines above 600 kHz is ascribed to the fact that 
increasingly smaller bubbles collapse at rates reaching a limiting value at sufficiently 
high frequencies. 
 
2.5.2 Developments in Catalysed Oxidation for Effluent Treatment 
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A great amount of development has been devoted to combinations of 
treatment elements, known as ‘advanced oxidation processes’ (AOPs) as mentioned 
earlier. A more unusual technique is the use of H2O2 with the power ultrasound, 
which can also produce hydroxyl radicals, along with high local temperatures and 
pressures in the cavitation bubbles formed. The hydroxyl radicals is an extremely 
powerful oxidant, of which the coefficients of rates with organic molecules are 
generally in the range of 108 to 1010 M-1 s-1 (Glaze and Kang, 1989). Lin et al .( 1996) 
proposed that the ultrasound/ H2O2 process was effective for the decomposition of 2-
cp with a short duration and pH  was an important factor in the ultrasonic process. A 
similar approach was also carried out by using the ultrasound/ H2O2 process to treat 
pure terephaltic acid (PTA) industrial wastewater at 13,200 mg/L of BOD5 and 6,390 
mg/L of TOC waste strength. It was shown that the lower the initial pH value and the 
higher the concentration of H2O2, the higher has the extent of mineralization. The 
optimum conditions to pre-treat PTA wastewater with ultrasound/ H2O2 process 
before biological treatment was pH 3 and 200 mg/L H2O2. However, when 
ultrasound/ H2O2 process was used as the sole treatment without biological treatment, 
the optimum pH value was still controlled at 3, but the concentration of H2O2 must be 
increased to 500 mg/L. Under such conditions, the extent of mineralization was only 
70 %. 
  
2.6 Electro-Oxidation Process in Wastewater Treatment 
  
Lorimer and his co-workers (2000) conducted studies on the decolorisation of 
acidic dye effluent (Sandolan Yellow- an azo group in association with two aromatic 
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systems and auxochromes) with applied ultrasound, electro-oxidation and the 
combined process. No decolorisation was observed for using ultrasound alone (both 
20 kHz and 40 kHz). The selected dye (50 mg dm-3) was reported as resistant to 
decolourisation by using 0.5 mol dm-3 of hydrogen peroxide. However, the addition of 
a sodium hypochlorite solution (2.5 x 10-4 mol dm-3) was able to effectively 
discolourise a solution of Sandolan Yellow (1 x 10-4 mol dm-3). This has resulted in 
the investigation of electro-oxidation of dye effluent with the addition of aqueous 
sodium chloride. It was found that the amount of hypochlorite produced is in 
accordance with the Faraday’s law of electrolysis with respect to time and the applied 
current density. In this electro-oxidation system, at low chloride electrolytic 
concentrations, the production of hypochlorite (via chlorine) occured in competition 
with the production of oxygen. (4 OH- → 2 H2O + O2 + 4 e-).  
 Lorimer et al. also found that when inert electrodes were used for the electro-
oxidation of Sandolan Yellow, the discolourisation effectiveness was enhanced by the 
applied ultrasound. However, due to the low allowable wastewater discharge limit of 
the chloride ion, it is not wise to add sodium chloride into the ink effluent. 
 A modification to the conventional electro-oxidation process of using an inert 
electrode by iron electrodes for both anode and cathode gave rise to the regeneration 
of iron ion during the process. In the conventional Fenton’s process, both the 
hydrogen peroxide and the Fe2+ are externally applied. During the electro-oxidation, 
both components can be produced electrochemically. The hydrogen peroxide can be 
produced by a reduction of dissolved oxygen, and Fe2+ by the reduction of Fe3+ or the 
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oxidation of a sacrificial Fe anode.( O2 + 2H+ + 2e-   → H2O2 , Fe3+  +  e- → Fe2+ , Fe 
→ Fe2+ + 2e-   ). 
 Additionally, it should be noted that the amount of current for such a system 
is dependent on the surface area of electrode. Hence, by adjusting the composition of 
the electrolyte solution , electrode potential and electrode area, the surface state of the 
electrode and the level of the anodic current (and hence the speed of iron dissolution) 
can be varied conveniently to suit the particular requirement for  Fe2+ regeneration 
under various conditions (Bremner et al.,2000). 
The concentration of iron ([Fe2+]) discharged by the anode can be calculated 
using the  Faraday’s law as:  
 








=+                        (2.8) 
 
where  I = current flow (A)    














3.1 Synthetic Ink Effluent  
Synthetic wastewater was made up from inks obtained from established ink jet 
printer manufacturers (E) and refill inks manufacturers(R) separately. In the ink 
characteristic study, inks from Hewlett Packard HP51649A (color) and HP51629A 
(Black) were used as the representatives for the former ink manufacturer (E) and NU 
refill ink for HP printer model 51625A/51649A were the representatives for the latter. 
The Black(B), Cyan(C), Magenta(M) and Yellow(Y) inks from the ink cartridges 
were diluted 50 times, indicative of the typical strength of inks effluent generated 
from cleaning of the production lines and equipment. During the development of the 
integrated treatment scheme for ink effluent, inks from Hewlett Packard HP51649A 
(color) and Epson T0461(Black), T0472 (Cyan), T0473 (Magenta) and 
T0474(Yellow) were used.   The high purity water for the dilution was obtained from 
a Milli-Q system (Milli-pore Corporation, Australia) with a resistivity of 18.2 MΩ-
cm and less than 50 μg/L of organic carbon content. 
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3.2 Reagents Used 
 
The chemicals/reagents used in this study included stabilized extra pure 
35wt% hydrogen peroxide (Riedel-de Haen, France), iron (II) sulphate  FeSO4. 7H2O 
(Merck, Germany). The quenching reagent used in the kinetic study was brovine liver 
Catalase  EC1.11.1.6 C-40,. 24640 units/mg solid,1 unit decomposes 1.0 μmol H2O2 
per minute at pH 7.0 and 250C (SIGMA, Germany).    
 
3.3 Water Analysis 
Unless otherwise mentioned, the various water quality parameters outlined in the 
trade effluent discharge limits of Singapore (ENV, 1997) were determined using the 
standard methods (American Public Health Association, 1998).These water quality 
parameters  included biochemical oxygen demand at 5 days (BOD5),chemical oxygen 
demand (COD), total suspended solid (TSS), total dissolved  solid (TDS), 
conductivity, pH, UV-Vis (ultraviolet-visible) spectra, and  the regulated chemical 
constituents. Specifically, the COD measurement was conducted using the MN Filter 
Photometer PF-11 (Macherey-Nagel, Germany) and VELP ECO 16 Thermoreactor. 
The dichromate method was used in the colorimetric COD measurement via MN 
reagents. The detection limits were 10 mg/L for single samples and 6 mg/L for 
triplicate samples with a coefficient of variation of less than 6 %. The turbidity 
reading in FAU (formazine attenuation units) was also measured by the PF-11. The 
Shimadzu UV-1601 with a 10 mm path length quartz cuvette was used to obtain the 
UV-Visible spectral scan and absorbance readings of the ink sample. An Orion 720A 
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meter with a pH probe and Thermo Orion ORP 9179 probe was used for pH and ORP  
measurements. Another Orion 115 meter equipped with a Microelectrodes M1-915 
conductivity electrode (K = 1.0) was used to measure the conductivity.  A Testo 
Digital Thermometer (for in-situ temperature measurements) was immersed in the 
synthetic wastewater during the chemical oxidation process. 
For the determination of the trace metal concentrations in ink effluents, a 
pretreatment of acid digestion was required to dissolve the metal ions in complexes 
with pigment or dye components in the ink. The acid digestion was carried out with 
65% concentrated nitric acid. The trace metal concentrations were then determined by 
inductively coupled plasma (ICP) atomic emission spectrometry (ICP, Perkin Elmer, 
USA). The standard method protocol (APHA, 1998) was followed for the acid 
digestion and ICP measurement. 
To assess the color of the ink effluent, an ISO method by measuring light 
absorbance at three visible wavelengths of 436, 525 and 620 nm was employed 
(International Organization for Standardization, 1994). The sum of the absorbance at 
these three wavelengths (STCV-3λ) was then used as an indication of the strength of 
the true color present in the ink effluent. 
 
3.4 Sludge quantification 
 
During the treatment process, samples of the reacted mixtures were taken to 
measure the sludge generation by the weighing method. The sludge in the ink effluent 
refers to the suspended and non-filterable residue left in the treatment process and one 
 26
Materials and Methods 
that requires subsequent disposal. A sludge quantification method defines residue, 
non-filterable as those solids which are retained by a glass fiber filter and dried to 
constant weight at 103 to 1050C. Our samples of known volume were first filtered 
through a prepared glass fiber filter, and the residue retained on the filter was dried to 
constant weight in the oven (1050C) for at least one hour. The mass of the residue was 
then determined.  
 
Although sludge quantification by the weighing method provided a good 
primary reference, the process was time consuming. It is worthy to develop a field 
monitoring parameter that would allow the amount of sludge generated to be 
estimated rapidly. We anticipate that a rapid estimation of the sludge concentration in 
the treatment fluid can be determined using a refractive index (RI) measurement. The 
estimated sludge generation may then be read out from an experimentally obtained 
calibration curve.A small pipette or a dropper with drawn-out capillary was used to 
draw a few micro litres to fill the prism well of the AR200 refractormeter (Reichert, 
USA). The respective RI value was then read from the digital meter display. The 
AR200 refractometer used has a measuring range of 1.3300 to 1.5600 nD, where nD  
refers to the measurement when the light emerges from the substance to the air and 
the wavelength using the sodium D line. 
 
 
3.5 Fenton-based COD reduction method 
The industrially accepted Fenton-based COD reduction method was used for 
treating the synthetic ink wastewater.  For each of the treatment run, 500 mLs of the 
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ink wastewater was transferred to a 3L magnetic-bar stirred beaker and the computed 
amount of iron sulphate solution (based on a molar ratio of 1: 10 for FeS04: H2O2) 
was added. A stoichiometric amount of 35% w/w H2O2 reagent based on the initial 
ink effluent COD was then introduced into the reaction vessel.  The pH of the 
reaction mixture was recorded and the reacted solution was neutralized when gas 
evolution had stopped.  This was accomplished through the addition of 0.1 M NaOH. 
The final treated wastewater was then filtered for the corresponding water parameter 
analysis. 
 
In the treatment run of the cyan ink wastewater, the temperature and ORP 
were monitored after hydrogen peroxide was introduced. Conductivity of the mixture 
was also monitored to ensure uniform mixing through an adjustment of the magnetic 
stirrer speed. During the treatment process, 10 mL of the reaction mixture was 
sampled at 10, 20, 30, 45 and 60-minute interval. Unreacted hydrogen peroxide was 
destroyed by catalase enzyme to quench the Fenton’s reaction and to prevent its 
interference with the analytical measurements. 
 
3.6 Two-step COD reduction method 
A two- step treatment method for the ink effluent was proposed. The detailed 
procedure is outlined below. The set-up for step 1 is shown in Figure 3.1. 500ml of 
ink solution was added to a 1 L Hysil beaker. The ultrasound bath TRU-SWEEP 
model 575STAG (Crest Ultrasonic, USA) with a tank size of 29.5cm x 15cm x 15 cm 
was used in this treatment run. The ultrasound bath was filled with water and the 
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ultrasound switched on for about 10 minutes to allow the system to stabilize. The 
beaker was then suspended in it, 2 cm above the base of the bath. Mild steel Grade 
SS41 15 cm in length and 3 mm in thickness was used to fabricate the electrodes. The 
width of the anode was measured as 24 mm and the cathode width was 37 mm. The 
electrodes were polished with sand-paper to ensure that their surfaces were clean, 
before they were connected to the DC power supply (EK,UK) rated DC 32 V and 
2.5A output with constant V and constant A mode and suspended 1cm-1.5cm apart in 
the beaker. The various monitoring meters, probes or electrodes were then connected 
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The voltage and current across the electrodes were adjusted to 18 V and 1.00 
A respectively, before the ultrasound was switched on again and the experiment was 
started. Care was taken to maintain the current at about 1.00 – 1.02 A throughout the 
experiment. Every ten minutes, 2-ml samples were withdrawn for sampling. Step 1 
lasted 50 minutes after which the ultrasound and power supply were switched off. 
The electrodes were removed and the beaker was transferred to the magnetic stirrer. 
Transfer between steps 1 and 2 took at most 10 minutes. 
 
For step 2, 1.8 g of solid iron sulfate was dissolved in 8 ml of ultra-pure water 
and the solution was added to the ink solution. Thirty-nine ml of 35 wt% hydrogen 
peroxide was then added. The stopwatch was started immediately and a 2-ml sample 
was withdrawn for initial time sampling. Subsequently, 2-ml samples were taken 
every ten minutes. All the samples from step 2 were quenched by pipetting them into 
glass vials filled with 2-ml of quenching reagent immediately after they were 
withdrawn.  Step 2 was allowed to run for a total of 60 minutes. 
 
The reaction mixture was then left for another 60 minutes to yield a total 
treatment time of three hours, comparable to that commonly practiced in  industrial 
processes. It was then stirred well after which two 50 ml samples were taken. One 
sample was filtered to analyze the sludge content and another sample was neutralized 
to a pH of 7 using 0.1 M NaOH. The neutralized sample was then filtered for the 
analysis of sludge content as well. The filter papers were allowed to dry to constant 
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weight in the oven. The mass of residue was then determined. The neutralized 
solution was retained and its COD was analyzed. 
 
All the quenched samples were left for 12 hours to ensure that the hydrogen 
peroxide was removed by the quenching reagent and would not contribute to the 
COD value. They were then analyzed for COD using the Hach COD measurement 
system. For analysis, 0.2 ml of a sample was added to a tube of Hach COD reagent. 
The tubes were then heated for 2 hours in the COD reactor heating block. Upon 
cooling, they were analysed in the HACH colorimeter. Selected samples from step 1 
were diluted 100 times and analyzed in the UV spectrophotometer. 
 
For treatability study of the two step treatment process on the Epson Durabrite 
cyan ink (T0472), some parts of the step 1 and step 2 procedures were different from 
the abovementioned. In step 1, a 600ml glass beaker containing 300 ml of Epson cyan 
ink effluent was used. After the completion of step 1, the electrodes were disengaged 
and the beaker was transferred from the ultrasound bath to a magnetic stirrer plate. 
However, preliminary studies carried out had shown that step - 2 could proceed to a 
similar extent even when iron (II) sulphate was lowered to 16% of the conventionally 
used amount. Thus, 1.05 g of solid iron (II) sulphate was pre-dissolved in 5.00 ml of 
ultra-pure water and the resulting solution added to the reacted wastewater ink from 
step 1.Using a pipette, 23.82 ml of 30 wt% hydrogen peroxide was then added. To 
perform the kinetic study on the reacting system, 2-ml samples were withdrawn from 
the system and quenched with catalase (Sigma, USA) at 15 seconds interval for the 
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first 2 minutes after the reaction had elapsed. After that, several more 2-ml samples 
were taken at regular intervals of 5-10 minutes to monitor further changes in the 
system. Step 2 lasted for 45 minutes with close monitoring of temperature, pH, ORP 
and conductivity of the system throughout the process.  
 
After the reaction had completed, three 4-ml samples were taken from the 
reacted solution and filtered for sludge quantification. Following this, 60 ml of the 
solution was taken and neutralized to pH 7 using 0.1 M NaOH. Samples were taken 
from the neutralized solution for sludge quantification and other analyses such as 
COD, turbidity and UV-visible light absorption. 
 
3.7 Ultrasound Power Density and Cavitations Intensity in Reaction Vessel      
 
3.7.1 Ultrasound Power Density   
The power density (E) and intensity (I) are often used to characterize 
ultrasound devices; I = P/A and E = P/V are both indicative of the power input P from 
the sound source into the liquid. The intensity is normalized by the radiating surface 
A, whereas the energy density is normalized by the solicited liquid volume V. 
 
For the power density, calorimetric power measurement methods were carried 
out using different sizes of ultrasonic baths.  Both the beaker and the bath were filled 
with distilled water.  When the ultrasonic bath was switched on, the temperature of 
water inside the beaker and that surrounding the beaker were monitored at regular 
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time intervals using a thermometer model 1303 (TES electronic, Germany) with a 
type K thermocouple SS type offer T1 and T2 differential measurement. The total 
ultrasonic power received by the reaction volume in the beaker was calculated based 
on the following equation: 
mC
dt
dT)W(power p ××=        
Here,            Cp   = specific heat capacity of water (4.184 J/g oC) 
 m = mass of the reaction volume (g) 
  
dt
dT  = steady-state temperature gradient (oC/s) 
 
3.7.2 Determination of Ultrasound Power Density in Reaction Vessel  
The power density of the ultrasound transmitted into the reaction vessel 
placed in an ultrasound bath varied with various parameters. In this research, the 
parameters studied were the power of the ultrasound bath, the base area of the vessel, 
the distance of the vessel from the bottom of the bath, d, and the difference in the 
water level in the vessel and the bath, x.  
 
Ultra-pure water from the Milli-Q filtration system was used. Rubber spacers 
were used to vary the distance d. The length of these spacers was measured with 
vernier calipers. Table 3.1 shows the specifications of the different ultrasound baths 
and glass beakers that were used in the experiments.  
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In order to aid subsequent studies, an attempt was made to correlate the true 
power of the ultrasonic bath with their respective calorimetric powers. The true power 
of the bath was found by connecting the ultrasonic bath to the LUTRON Electronic 
Power analyzer, which was in turn connected to the main power supply. The 
ultrasonic bath was left to run for about 15 minutes and the reading on the power 
analyzer was noted periodically. The mean reading was taken as the true power of the 
ultrasonic bath.  
 
The calorimetric power of the ultrasonic baths were analyzed as follows: The 
bath was filled to maximum capacity with ultra-pure water. The temperature of the 
water in the bath was noted every minute for one hour. The thermometer was placed 
near the center of the bath. 
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Table 3.1   Ultrasound baths and glass beakers used 
Parameter Apparatus Specifications 
A CODY, Japan, 
Model CD-2800, 
42 kHz 
Rated power : 35 W 
True Power: 36 W 







Rated Power: 100 W 
True Power: 43.5 W 
Bath size: 15.1×13.7×10.0 cm 
 





Rated Power : 240 W 
True Power: 69 W 





D Kerry Ultrasonics, 
England 
Rated Power :480 W 
True Power:129 W 
Bath size: 66×23×12 cm 
 
 





Rated Power:100 W 
True Power: 46 W 
Bath size: 13.7×24.0×10.0 cm 
 
600 ml Hysil D=9.045 cm 
A=64.26 cm2 
 















Materials and Methods 
The procedure involved two main steps: setting up the vessel in the ultrasound 
bath and measuring the rate of temperature rise in the vessel and the bath. The vessel 
was suspended using strings attached to a wire that was wrapped around the vessel. 
The height (d) of the base of the vessel above the base of the bath was adjusted using 
rubber spacers. The difference (x) between the water level in the suspended vessel 
and in the bath was adjusted by changing the volume of water in the vessel (Figure 
3.2).  
 
Care was taken to ensure that the vessel was placed in the center of the 
ultrasound bath at all times. When adjusting the suspension height of the beaker, it 
was ensured that the strings were tight and that the beaker stood horizontally. It 
should also be noted that there was a minimum volume of water that should have 

































Figure 3.2: Setup for Quantification of Ultrasound Power Density 
 
 
3.7.3 Set Up for Cavitation Intensity Measurement in the Reaction Space 
Cavitations occur when high intensity ultrasonic waves are directed into the 
liquid. In order to establish the evidence of the cavitation present in the reaction 
volume and within a working ultrasonic bath, the cavitation intensity meter was used 
in this study.  The cavitation intensity meter model CM-3-100 (Alexy, USA) with the 
standard 18” long probe was placed at the location of interest within the ultrasonic 
field in the liquid to measure the cavitation intensity in “CAVIN”. The meter was 
calibrated to read from 0 to 1000 CAVIN with one CAVIN representing 1/1000 of the 
peak cavitation observed in the universal peak value established by the manufacturer.  
The active element of the field probe is a cylindrical transducer, which picks up the 
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energy enabling the meter to read an integrated signal based on the total intensity in 
the immediate vicinity of the probe. 
In an ultrasonic bath, the cavitation intensity experienced at different regions 
within the bath differs. The relationship between cavitation intensity and distance 
from the radiating surface was investigated by conducting a series of experiments 
using the Crest ultrasound bath (bath C in Table 3.1). For the first set of experiments, 
the bath was filled with ultra-pure water and it was switched on for 10 minutes prior 
to the start to allow the system to stabilize. The calorimetric method was used to 
determine the power transmitted from the bath to the water.  To measure the 
cavitation intensity produced by the sound waves, the cavitation intensity meter 
(Alexy, USA) was dipped into the bath at different positions. Each experiment lasted 
40 minutes with temperature and cavitation intensity readings taken at regular 
intervals of 5 minutes. 
 
The same setup was repeated with a few modifications to determine the power 
density and cavitation intensity within the reaction volume. A beaker containing ultra-
pure water was suspended in the ultrasound bath at a short distance of 1 cm from the 
radiating surface to maximize the energy received by the reaction volume. The 
cavitation intensity meter was placed at different positions (x, y, z). The effect of the 
beaker material on the intensity and power transmission were also investigated by 
experimenting with three different types of beakers, i.e. glass, plastic and stainless 
steel.   The experimental setup is the same as that depicted in Figure 3.1. 
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CHAPTER 4 
 
RESULTS AND DISCUSSION 
 
4.1 Quality Assessment of Ink Effluents 
       4.1.1 Ink Effluent Characterization 
It is often necessary to conduct comprehensive untreated ink wastewater 
characterization tests in parallel with waste treatability tests to quantify the 
variability of the effluent concentration and to verify the presence of biologically 
active inhibitory compounds. Such variability in the physical and chemical 
parameters for the representative untreated ink wastewater is outlined in Tables 
4.1 and 4.2. 
 
Table 4.1 Untreated ink effluent quality (units in mg/L except pH) 
 EB EM EC EY RB RM RC RY ENV limits 
for discharge 
pH value 8.3 6.1 7.1 6.2 6.1 4.6 6.9 6.3 6 – 9 
BOD5 ( 20°C) 1540 2950 2465 2260 1250 1975 3545 2370 400 
COD 7260 12500 12200 8980 5320 7720 13200 7550 600 
Total suspended solid 
(TSS) 
< 5 < 5 < 5 < 5 < 5 < 5 < 5 < 5 400 
Total dissolved solid (TDS) 2020 2620 2180 2400 1160 1020 1780 940 3000 
Conductivity (mS/cm) 59.4 1144 1080 1392 288 461 526 378 - 
Turbidity (FAU) 19800 21 6000 <10 2600 42 11200 <10 - 




The high organic matter content (represented both by the BOD5 and COD) 
in the untreated ink wastewater clearly exceeds the regulatory limit; hence 
denying its direct discharge to the public sewer. 
 
Biodegradability of the ink effluent is one of the monitors for determining 
the ease of treatment by the public sewer treatment plant. The biodegradability 
index (as represented by the ratio of BOD5 to COD) revealed that the 
biodegradability of the untreated ink effluent ranged from 0.2 to 0.3. 
 4-40
Results and Discussion 
Contaminants with a ratio of BOD5/COD > 0.4 may be considered thoroughly 
biodegradable (Bekbolet et al.1996). Thus, the untreated ink effluent was 
considered non-biodegradable as it contained dyes and pigments. This non-
biodegradability of the ink wastewater pose high barrier for the inks maker to use 
the biological scheme without any pretreatment step. Hence, chemical oxidation is 
often the popular treatment process for the ink industries. 
 
Table 4.2 Untreated ink effluent quality based on the regulated chemical constituent 
(mg/L) 
Regulated chemical constituent     Measured value ENV limits for discharge 
Chloride (as Cl-) < 1 1000 
Sulphate (as SO2-) < 1 1000 
Sulphide (as sulphur) < 0.1 1 
Cynaide (as CN-) < 0.1 except EC = 0.2 2 
Detergents (linear alkylate sulphonate  
as methylene blue active substances) 
< 1 except RC = 2 30 
Grease and oil < 1 except EB = 20 60 
Arsenic < 0.05 5 
Barium < 0.01 10 
Tin < 0.01 10 
Iron (as Fe) < 0.05 50 
Beryllium < 0.02 5 
Boron < 0.05 5 
Manganese < 0.01 10 
Phenolic compounds (expressed as phenol) < 0.05 except RC = 0.8 0.5 
Cadmium < 0.01 1 
Chromium (trivalent and hexavalent) < 1 5 
Copper < 0.1 except EC =35, RC=57 5 
Lead < 0.1 5 
Mercury < 0.05 0.5 
Nickel < 1 10 
Selenium < 0.5 10 
Silver < 0.1 5 
Zinc < 1 10 
Metals in Total < 3.95 except EC = 35, RC =57 10 
 
 
       4.1.2 Identification of the High-Risk Noncompliance Parameters 
 
From Tables 1 and 2, an assessment of the parameters for values that 
exceeded or contributed significantly to those listed in the discharge limit was 
conducted.  The COD of all the untreated ink waste water exceeded the allowable 
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discharge limit by 9 to 22 times.  Hence, COD was deemed the key target to 
reduce in any forms of treatment. Moreover, in an oxidation reaction experiment 
performed on cyan ink wastewater, the COD reduction over time registered a 
COD reduction of 77 % (from 13247 mg/L to 3020 mg/L). Test results on the 
same sample revealed a BOD5 reduction of 81 % (from 3545mg/L to 674mg/L) 
and a true color value (STCV3λ) reduction of 99 % (from 48.2 A.U. to 0.5 A.U.).  
In addition, the final BOD5 /COD ratio obtained after the neutralization step was 
0.24 which was slightly lower than its initial untreated biodegradability value of 
0.27. This indicates that if the allowable discharge limit of BOD5 (400 mg/L) was 
met, for the same type of ink effluent, the COD amount would then be much 
higher than the allowable discharge limit of 600 mg/L.  Comparatively speaking, 
the COD reduction is a more stringent criterion for the Fenton’s treatment in the 
ink wastewater than BOD5 and true color value reduction. The TDS values for a 
majority of the untreated ink wastewater were also close to the discharge limits 
and hence the possibility of exceeding the allowable limit due to the addition of 
chemicals during the Fenton’s treatment process is high. Thus, the iron and 
sulphate concentrations in the treated wastewater are also identified as high-risk 
non-compliance parameters.  In addition, BOD5, phenol, the copper content and 
pH values of some of the ink waste water were also higher than the discharge 
limits and specific pH adjustment is then necessary for these cases. In summary, 
pH, COD, BOD5, TDS, phenols, iron, copper and sulphates are seven high risk 
non-compliance parameters identified for the monitoring of treated ink effluent 
quality. 
 
       4.1.3 Preliminary Assessment of Untreated Ink Effluent Quality 
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An assessment of the quality and treatability of the ink wastewater is an 
important step for enhancing the efficiency of the Fenton’s oxidation reaction. 
Based on the identified list of high risk non-compliance parameters, it is proposed 
that TDS and COD are suitable parameters for this purpose.  To establish this, it is 
aimed to obtain a correlation of TDS and COD to measurements of conductivity 
and turbidity, so that the preliminary quality assessment can be made rapidly and 
unambiguously. 
 
Total Dissolved Solids (TDS)                                             
A preliminary correlation of the conductivity and TDS values obtained from Table 
1 was found to be rather poor with an R2 of 0.48 (Ng, 2002). This may be due to 
the variation of chemicals used in the ink formulations by the different 
manufacturers.  As conductivity is an indicator for the ionic charge concentration 
and the TDS gives a value of the mass concentration, the different ink components 
present with varying charge to mass ratios resulted in the non-linearity of the 
correlation. However, it is postulated that ink components with low ionic charges 
may agglomerate and be detected in the turbidity measurements. A multi-
parameter (conductivity and turbidity) linear correlation with TDS was 
subsequently attempted.  Using a least squares approximation with Gram-Schmidt 
orthogonalization procedure (Ray, 2000), TDS was correlated with conductivity 
(CS) and turbidity (TUR) measurements according to TDS = 2.00 CS + 0.0873 
TUR, r = 0.93. This correlation as shown graphically in Fig.4.1 is recommended 
as a rapid evaluation of the TDS (the measurement being time consuming) can be 
obtained through routine measurements of conductivity and turbidity. The 
weighing factor of 1.88 for conductivity as compared to the general factor of 0.55 
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to 0.70 used for natural water analysis and water treatment analysis (Weiner, 2000) 
attest to the presence of a low charge-to-mass ratio in the untreated ink effluents, 
such as pigments and other large organic substances. 
 
The TDS correlation was evaluated against synthetic wastewater made up 
by mixing the different colour inks. Four mixtures (M1, M2, M3 and M4) of 
unknown proportions were made up by mixing HB, HM, HC and HY and then 
diluted 200 times.  Results of the measured TDS in comparison with that predicted 
using the correlation are tabulated in Table 4.3. It can be seen that the computed 
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Table 4.3 Comparison of measured TDS and estimated TDS for ink mixtures 
 
Mixture         M1         M2          M3         M4 
Conductivity (CS) 343 697 134 363 
Turbidity (FAU) 3800 1700 430 5100 
Computed TDS (mg/L) 1019 1545 306 1173 
Measured TDS (mg/L) 890 1290 340 1230 
Percentage error (%) +14 +20 -10  -5 
 
Chemical Oxygen Demand (COD) 
In the industrially accepted Fenton’s oxidation reaction, the chemical dosage is 
computed based on the amount of the organic matter as represented by the COD.  
Therefore, on-site estimation of the COD is highly desirable.   With reference to 
Table 4.1, a linear correlation was found for the measured COD and UV 
absorption at 210nm (COD = 56.2 UV210 + 3315.9, R = 0.89) for each of the inks 
investigated.  As the amount of the organic matter remaining in the treated ink 
effluent is a key quality parameter in allowing the discharge into the public sewer, 
the UV absorption again performs an essential role in such a screening test. A 
linear correlation was also found for the treated ink effluent COD = 25.8 UV210  - 
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Figure 4.2 Correlation of COD vs. UV absorption at 210nm for ink waste water 
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Table 4.4. Testing of the single colour inks COD correlation on the ink mixtures  
 
Mixture            M1              M2              M3              M4 
UV210  (a.u.)         126.2           143.2           134.6          126.6 
Computed COD (g/L)           10.4             11.4             10.9            10.4 
Measured COD (g/L)            8.3             13.1               8.8              9.4 
Percentage Error (%)           + 25             -13              +24              +11 
 
 
The relationships obtained for the single color inks were tested on the ink 
mixtures in Table 4.4. It can be seen that the correlation gave reasonable 
predictions for preliminary applications.  However, we anticipated that better 
estimation of the COD for the untreated ink effluent mixtures is often desirable for 
optimization purpose. A deterministic approach based on the application of UV 
absorbance may be more appropriate for this COD estimation (Khorassani et al., 
1999). The approach is based on the additivity of Beer’s law and a good 
knowledge of the components present in the waste water and their variation. From 
ink effluent characterization study, a comparison of the absorbance patterns of the 
individual color inks resulted in the choice of four characteristic wavelengths: 210 
nm, 436 nm, 525 nm and 620 nm.  For each of the ink water (HY, HB, HM, HC), 
the COD was correlated with the absorbance values at each of these four 
wavelengths, the resulting matrix obtained for the absorbance multipliers were: 
 
 
                                                                 146.0     81.9   144.7   158.9 
                                                                   
                                                                   34.4     37.6       5.3       1.3 
                                             ABS  =    
                                                                     0.1     29.5      36.5      2.7 
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and 
 
 COD0  =    (  8980   7260 12500 12200 ) 
                                                                       
 
such that according to Beer’s additivity law of absorbance, 
 
                                                 ABSmix = ABS x Concmix                       (4.1) 
 
where ABSmix  is a 4 x 1 matrix obtained from the measurement of the absorbance 
readings of the ink effluent mixture (in ascending order of the wavelength)  and 
Concmix is a 4 x1 matrix indicating the proportion of the different colour  ink in 
the ink mixture. Concmix can be obtained by multiplying the inverse of ABS on 
both sides of Eqn.(4.1): 
 
                                              Concmix =  ABS-1 x ABSmix
 
The COD of the mixture can then be calculated by multiplying COD0 and 
Concmix. 
 
This algorithm was tested on the four random mixtures. The absorbances at the 4 
designated wavelength of the mixtures were measured from the matrix ABSmix. 
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Table 4.5 compares the computed COD against the measured values for the 4 
mixtures. It can be seen that the deterministic approach developed provides a good 
initial assessment of the COD of the untreated ink effluents. 
 
Table 4.5. Computed COD against measured values for 4 ink mixtures 
Mixture            M1              M2              M3              M4 
Computed COD (g/L)            9.0             11.6             10.1            10.8 
Measured COD (g/L)            8.3             13.1               8.8              9.4 




       4.1.4 Selection of On-site Quality Parameters for Treated Effluents 
A list of simple and rapid on-site water quality parameters matrix which 
consists of measurement of ultra-violet (UV) absorption (wavelength at 210nm), 
conductivity, pH, turbidity and color was formulated to assess the quality of the 
treated ink wastewater.  It is noteworthy that of the five parameters analyzed, only 
pH is in the original ENV discharge limits list. This parameter list has the 
advantages of fast determination of UV spectral absorption coefficients and its 
correlation with unspecific lumped parameters for measuring the level of 
dissolved organic materials. The electrical conductivity can be regarded as a non-
specific yardstick for the content of dissolved dissociable substances in the treated 
water. The pH value provides an indication of the hydrogen-ion activity and 
consequently the acidity or alkalinity of the water, while the total suspended solids 
can be assessed by turbidity measurements. Limits of color in water have 
traditionally been based on aesthetic consideration, which in the case of treated 
ink waste water can give an indication of the extent of contamination due to the 
presence of either organic dyes, acid dyes, metal-complexes dyes, pigments or 
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water-soluble reactive dyes. Characterization of the intensity of the colour of a 
water sample is determined by measuring the attenuation of light.  Different 
colours cause maximum absorption at different wavelength of the incident 
radiation.  In natural water, the 436nm wavelength is an adequate measurement of 
the water colour  (Bennett and Drikas, 1993). In our work, the true colour of the 
effluents was determined by measuring light absorbances at these the three visible 
wavelengths of 436nm, 525nm and 620nm (ISO, 1994).  The sum of the 
absorbances at these wavelengths (STCV-3λ) was then used as an indication of 
the strength of the colour present in the effluent. 
 
Measurement of the UV absorption can be used as a rapid indirect method 
for measuring the level of dissolved organic matter.  If a correlation between the 
dissolved organic carbon (DOC) and light absorption data at a particular 
wavelength, such as 254nm exists, then on-line monitoring of the DOC is possible 
(Korshin et al., 1997). It has been reported that UV spectrophotometry correlated 
well for COD of treated petrochemical wastewater in the COD range of 0 to 150 
mg/L (Khorassani et al., 1999).  In this research, we found that UV absorption at 
210nm was suitable gauge of the COD of the treated ink waste effluents. From the 
test results of the ink wastewater characterization study and the evaluation of the 
high-risk non-compliance parameters against the respective country discharge 
limits, one can develop a range of the values for various selected quality 
parameters. Based on the Singapore ENV discharge limit list, the range of the on-
site quality parameters for discharge into public sewers are proposed as pH of 6.0 
to 9.0, water conductivity of less than 2.0 mS/cm, UV absorption of 210nm of less 
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than 28.0A.U. turbidity of 50 FAU or less, and sum of the true colours (STCV3λ) 
of less than 0.7A.U.  
 
       4.1.5 Validation of the Proposed Quality Parameter List 
The representatives of untreated ink wastewater were evaluated as shown 
in Table 4.6 against the proposed water quality parameter list. 
 
 
Table 4. 6 Untreated ink effluent quality based on the proposed quality parameter list 
 EB EM EC EY RB RM RC RY Proposed 
limits 
pH 8.3 6.1 7.1 6.2 6.1 4.6 6.9 6.3 6 – 9 
Conductivity (mS/cm) 59.4 1144 1080 1392 288 461 526 378 2 
UV absorption at 
210nm (a.u.) 
81.9 144.7 158.2 146.8 44 72.6 146 62.2 28 
Turbidity (FAU) 19800 21 6000 < 10 2600 42 11200 < 10  50 
Colour – STCV3λ(a.u.) 92.6 43.2 65 35 63.8 33.6 48.2 36 0.7 
 
 
The untreated ink wastewater recorded high values on all the proposed 
parameters except for pH, rendering the water not suitable for discharge.  
 
A series of ink effluents containing separately EB, RM, RY and RC was 
then treated with the Fenton’s oxidation process. The EB ink effluent was treated 
to different end points based on  pH values ranging between 6.5 and 7.2. These 
treated ink effluents were then subjected to two evaluations, one based on the 
proposed quality parameter list (Table 4.7) and another based on the ENV 
discharge criteria (Table 4.8). From the ink effluent characterization baseline 
studies, many of the discharge list parameters gave undetectable values of zero or 
way below the discharge limit. Hence, only the high-risk non-compliance 
parameters and those which close to the discharge limits are listed in Table 4.8 for 
comparison. 
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PH 6.5 6.6 7.2 6.5 6.8 7.1 7.1 6 – 9 
Conductivity (mS/cm) 1.36 1.337 1.299 1.364 1.343 1.116 0.121 2.0 
UV absorption at 210nm 
(a.u.) 
20.10 12.52 7.11 12.40 13.64 10.52 0.35 28 
Turbidity (FAU) 16 34 20 < 10 25 12 <10  50 
Colour- STCV3λ(a.u.) 0.46 0.36 0.35 0.59 0.59 0.05 0.0 0.7 
 
 
Table 4.8 Treated ink effluent quality on the selected ENV discharge criteria (mg/L) 




Copper 0.05 0.05 0.05 0.08 0.05 1.3 0.07 5 
Sulphate (as SO4) 250 290 200 330 370 280 10 1000 
Iron (as Fe) 40 32 28 36 44 1.4 0.05 50 
COD 438 152 100 175 198 184 <15 600 
Total dissolved solid 900 700 410 850 975 518 45 3000 
Total suspended solid < 5 < 5 < 5 < 5 < 5 < 5 <1 400 
 
Comparison of Table 4.7 and Table 4.8 shows that the treated ink effluent 
meets with both the proposed quality matrix discharge limit as well as the ENV 
limits for discharge.  Tap water analysis was used as a quality matrix blank for the 
validation tests 
 
4.1.6 Caution for Cyan Ink Wastewater 
Copper content in the waste effluent is a potential source of toxicity to the 
sewer and a sewage treatment plant’s biological treatment unit. As such, it is 
rational to conduct a test on the various untreated ink waste waters on their copper 
content. From Table 4.2, the magenta, yellow and black inks were not found with 
copper content higher than the detection limits of 0.1 mg/l. Both the cyan ink from 
the printer manufacturers and the refills ink makers were found to contain copper 
in different amounts. In particular, the copper content in the untreated EC and RC 
cyan ink wastewater was 35 mg/L and 57 mg/L, which far exceeds the discharge 
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limit of 5 mg/L for the Singapore case.  However, upon undergoing the standard 
Fenton’s reaction, the copper content of the treated wastewater was only 1.3 mg/L.  
Based on a proportionate back-calculation, a gauge of 135 mg/L of copper content 
for an untreated ink wastewater containing cyan colorant was obtained as a 




4.2 Conventional Fenton’s Treatment Process for Cyan Ink Effluent 
For the ink industry, chemical oxidation remains a widely used method. 
The industry-accepted standard Fenton’s reaction - the iron (II) catalysed H2O2 
oxidation process is based on the hydroxyl free radical chemistry, and the 
chemical interactions are highly non-specific and non-selective. The extremely 
high oxidation potential of the OH radical (2.80 V) and the fact that the bond 
energy of the H -OH bond (496.2 kcal/mol) is much greater than the energy of all 
known H - R bonds imply that all the hydrocarbons should be theoretically 
oxidized.  
 In an oxidation reaction experiment performed on cyan ink wastewater, 
the COD over time underwent a reduction of 77 % (from 13247 mg/L to 3020 
mg/L). Test results on the same sample revealed a BOD5 reduction of 81 % (from 
3545 mg/L to 674 mg/L) and a true color value (STCV3λ) reduction of 99 % 
(from 48.2 A.U. to 0.5 A.U.).  In addition, the final BOD5 /COD ratio obtained 
after the neutralization step was 0.24, which was slightly lower than its initial 
untreated biodegradability value of 0.27. 
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During an oxidation reaction experiment performed on cyan ink waste 
water, the pH was reduced from 5.3 to 2.8 upon the addition of the iron sulphate 
solution. The pH of the reaction mixture was then lowered slightly from 2.8 to 2.4 
in the presence of H2O2 during the oxidation process. This acidic condition 
provides stability for H2O2 and optimized the oxidation efficiency. The molar ratio 
of H2O2 to Fe 2+ and the degree of mixing were found to be vital to the treatment 
effectiveness especially when H2O2 :  Fe 2+  was less than 4: 1 ( Arturo et al., 
2002).  The conductivity measurement was used to monitor the degree of mixing 
during the chemical addition stage. The conductivity increased from 615 μS /cm 
to 5650 μS /cm upon the addition of the iron sulphate solution.  During the 
addition of the H2O2, the conductivity of the reaction mixture decreased to 3140 
μS /cm in the first two minutes and increased to 7280 μS /cm over the next 60 
minutes. Although the conductivity changed during the addition of chemicals this 
parameter was not indicative of the critical progress point that marked the end of 
the organic matter removal. 
 
To assess the progress of the oxidation reaction, the oxidation/reduction 
potential (ORP) and the temperature of the reaction mixture were monitored. The 
Nernst Equation is commonly used to relate the ORP to the concentration ratio of 
the product of the oxidizing species to the product of the reducing species. The 
ORP electrode voltage measurement is thus by definition a mixed potential to 
which all redox couple contributes in various degree. Thus, the ORP does not 
provide a general parameter to quantitatively characterize the redox state of an 
aqueous solution. However, the ORP qualitatively indicates a “more reducing “or 
“more oxidizing” condition of the reacting mixture. 
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The ORP showed an increase from 217 mV to 550 mV in 5 minutes upon 
the addition of the hydrogen peroxide. The ORP rose to a peak after 28.5 minutes 
and then declined to 549.8 mV after 65 minutes. Based on the ORP measurements, 
we inferred that as the COD reduction ceased, the ORP would reach a maximum 
positive reading, indicating that a most oxidizing condition has been reached.   
 
A similar peak in the process temperature was also observed after 28.5 
minutes. The oxidation reaction of the organic matter by the OH radical is a 
highly exothermic process as compared to the decomposition of the hydrogen 
peroxide, which is an endothermic reaction.  Such a peak in the process 
temperature suggests that as the organic oxidation reaction ceases the 
decomposition of hydrogen peroxide also begin to take on a dominant role. 
 
We therefore conclude that measurement of either temperature or ORP 
during the oxidation reaction is a good progress indicator for the treatment process. 
This indicator makes possible an on site determination of the peroxide dose to 












4.3 Treatability Studies using Ultrasonication 
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Based on the ink effluent characterization study, the COD parameter was 
found to be the most stringent criterion for the inkjet ink effluent treatment 
process.  The colour of the treated ink effluent was also considered as key quality 
indicator. In the treatability studies, therefore, COD and colour reduction were 
used as the yardsticks for the process screening studies. 
  
A series of combination treatment processes that involved sonolysis, 
Fenton’s reaction and electro-oxidation was conducted for treating Cyan ink waste 
water, which has been found to be the toughest ink to treat. It was found that the 
treatment processes based on sonolysis alone or electro-oxidation alone, gave no 
reduction in both COD value and true colour unit. These processes were simply 
not effective for treating cyan ink effluents within the experimental duration of 
three hours. The experimental duration of 3 hours was determined based on the 
industrially accepted Fenton’s treatment. On the other hand, by combining 
sonolysis with Fenton’s reaction, a COD reduction of 45% more than that 
achievable by the Fenton’s reaction alone was obtained. Similar results have been 
reported for ultrasound-assisted electro-oxidation for decolourizing dye effluents 
that contain Sandolan Yellow (Lorimer et al., 2000). Considering that Fe2+ in 
Fenton’s reagent served only as a catalyst in decolourizing cyan ink effluent, we 
anticipated that Fe2+ generated by electro-oxidation of the iron anode in an 
electrolytic cell could work as well. Lorimer’s technique was modified and 
experimented using cyan ink effluent. During the experiments, we found that the 
use of electro-oxidation allowed better control of Fe2+ discharged into the cyan ink 
effluent resulting in better optimized degradation of the ink components. The 
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effect of sonication on the electro-oxidation process was attributed to the 
cavitation phenomenon. Ultrasonic degassing at the electrode surfaces helped in 
preventing gas bubble accumulation, which is known to interfere with current 
flow.  Cavitation also provided a means of agitation, which helped cleanse and 
activate the electrode surfaces. 
 
4.4 Development of the two-step integrated treatment scheme 
 
Although decolourization of cyan ink effluent was found to be possible 
using ultrasound-assisted electro-oxidation, the whole treatment process 
demanded reaction duration of more than 3 hours.  Similar to that of ultrasound 
alone, this method would not be as attractive to use as the Fenton’s reaction for 
the ink industry.   
 
4.4.1 Treating cyan ink effluent using 2-Step approach 
Figure 4.3 shows the key steps and the unit operations of the 2-step 
ultrasound assisted electro-oxidation treatment process. An evaluation of this 
process with the conventional Fenton’ reaction scheme was carried out. During 
the same reaction time, the ratio of the treated effluent CODe to the initial 
untreated ink COD0 was 0.17 (from 10500 mg/L to 1740 mg/L) for the 2-step 
process compared with 0.23 (13247 mg/L to 3020 mg/L) using Fenton’s reaction. 
The same COD removal could also be achieved using the 2-step process in about 
half the time of the Fenton’s reaction.  
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The operating conditions for step 1 were also quantified. The measured 
ultrasound power density and cavitations intensity for the submerged reaction 
volume were found to be 11.64 W/L and 200 CAVIN, respectively. The true input 
power for the ultrasonic bath with rated input electric power of 240 W was 
measured as 69 W. The bath ultrasound power density and cavitations intensity 
were also determined as 20.43 W/L and 250 CAVIN, respectively. The frequency 
of ultrasound irradiated in this bath was 35 kHz. The electro-oxidation as the co-
operating part of the step 1 process was characterized by using a pair of iron 
electrodes – Fe(II)/Fe(III) reversible redox reagents system operating at 18 V, 1 A 




Step 1 Step 2 Neutralize 
Ink 
Effluent 














Figure 4.3 Schematic Representation of 2-step Treatment Method 
 
During the experiment, several process monitoring parameters, namely, 
temperature, conductivity, pH and ORP were monitored. These parameters were 
useful in providing the progress indication of the reaction mixture during the 
course of treatment. The temperature rise was linear for step 1 from 26.2 oC to 43 
oC which was the heat from the ultrasonic operation. This was followed by a 10 oC 
rise in the step 2 operation mainly contributed by the chemical oxidation step. The 
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conductivity of the mixture generally increased from 1.07mS to 1.54mS in step 1 
resulting from the iron dissolution from the anode. In step 2, the conductivity of 
the solution further rose to 3.91mS as due to the addition of the Fe(II) from the 
iron salts. This also indicated an increased in the concentration of charged 
particles in the reaction mixtures. The production of organic acids in the ink 
degradation process by Fenton’s reagent was another source for such rise in the 
conductivity in step 2. 
 
 The pH of the solution dropped in the first five minutes of step 1 (from 
6.9 to 3.4) and then rose to a steady value of 4.3 at the end of the step. In step 2, 
this dropped sharply in the first five minutes from 4.3 to 2.5 and decreased 
steadily after that. The initial drop in step 1 may be due to the introduction of 
additional iron (II) ions from the anode. In step 2, the initial drop was the result of 
rapid oxidation and broke up of the complex organic molecules in the ink into 
organic acids. This continued throughout the rest of the reaction, causing the pH 
to drop steadily to 1.8 at the end of step 2. Lastly, the ORP also dropped in the 
first five minutes of step 1 and then increased at a decreasing rate for the rest of 
the step and reached 430 mV. In step 2, the ORP rose rapidly in the first 10 
minutes and then remained around 590 mV. The initial drop in step 1 could be due 
to the introduction of Fe(II) ions which has a reducing agent. The subsequent rise 
showed that electro-oxidation was indeed taking place. In step 2, the initial rise 
was due to the introduction of hydrogen peroxide.  The maintenance of the ORP at 
590mV also showed that overall the solution was in a more oxidizing state than its 
original state of 350mV.  
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The ink effluent characterization had identified COD, copper, iron and 
sulfate contents as the high risk non-compliance parameters. Table 4.9 indicates 
the changes of these water quality parameters or component concentrations at the 
various stages of the treatment process (refer to Figure 4.3). An evaluation against 
the typical regulatory discharge limit was viable. From Table 4.9, the treated cyan 
ink effluent from the 2-step treatment method met with the listed discharge limit. 
Hence, it is considered as a competent treatment process for ink-jet inks effluent. 
 










Regulatory limits for 
discharge (mg/L) 
COD 10500 10360 1740 499 600 
Iron 34 40 660 0.08 50 
Sulfate <1 <1 1140 181 1000 




4.4.2 Proposed 2-step integrated treatment scheme 
After considering the pros and cons of ultrasound-assisted electro-
oxidation and that of Fenton’s reaction, a two-step integrated treatment scheme 
was proposed: the first step involved the release of Fe2+ using ultrasound-assisted 
electro-oxidation and the second step involved the addition of FeSO4 and H2O2 as 
was done in Fenton’s. This treatment scheme required much less FeSO4 as 
demanded by the Fenton’s reaction and it resulted in a treated cyan ink effluent 
with little/ no sludge. These met our expected criteria of needing less chemicals 
and generating little sludge. The possibility of executing the 2 proposed steps in 
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reversed order was also explored.  It was found that in this case, the same amount 
of sludge as the Fenton’s reaction alone was generated. Therefore, it was 
concluded that the sequence of the treatment steps was important if the objective 
of having less sludge was of paramount importance, in addition to the reduction in 
COD and true colour. With regards to sludge formation, the 2-step integrated 
treatment scheme resulted in little/ no sludge produced as compared to about 6.7 
g/ COD of sludge generated from the Fenton’s reaction. This is because the 
amount of FeSO4 used was less (17% less than the conventional Fenton’s 
reaction), and the final pH of the treated cyan ink effluent at the end of the 2-step 
scheme was as low as 1.8, resulting in a higher solubility product for the iron 
sludge. 
 
The developed two-step treatment was optimized in subsequent experiments based 
on the amount of chemicals needed, the sonication current supplied, and the 
distribution of the total reaction time between the two steps. The result of these 
was an optimized treatment requiring, for treating 500 mL of cyan ink effluent, 
1.8 g of FeSO4 (17% less than Fenton’s reaction) and 39 mL of H2O2 (50% less 
than Fenton’s reaction) and a maximum sonication current supply, which was 
restricted by the positioning of electrodes, of 1.02A. Furthermore, the total 
treatment scheme could be effected in less than two hours with 50min needed in 
step 1. Although both the Fenton’s reaction and the 2-step integrated treatment 
process were able to achieve an 80% reduction in the COD, our proposed 
treatment scheme is superior because in addition to having a shorter treatment 
time, there is also reduced chemicals usage and little sludge production. 
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4.5 Proposed Mechanism of the 2-Step Treatment Scheme 
 
The 2-step integrated treatment scheme is valued for its reduction in 
chemicals requirement.  Step 2 resembles the Fenton’s reaction in its chemical 
reaction.  However, the fact that it needed less FeSO4 suggests that step 1 had 
altered the composition of the ink effluent such that the effluent did not demand as 
much chemicals for degradation in step 2.  It was noted that significant COD 
reduction was not achieved during step 1.  Furthermore, the strength of the colour 
of  the cyan ink effluent was not lowered greatly.  Therefore, it was hypothesized 
that step 1 had merely simplified the complex structures of the organic compounds 
in the cyan ink effluent.  A high COD value was maintained throughout step 1.  It 
was thus suggested that the re-structuring of bonds could have occurred, resulting 
in the formation of intermediates with simpler bond structures. UV-VIS 
spectrophotometry is able to detect chromophores (Dean, 1999). Hence, such 
intermediates might be detected in a UV spectrum in the 250 nm to 400 nm range. 
A scan of the samples collected during step 1 showed that the area under the 
absorption curve between 275 nm and 400 nm was significantly reduced over the 
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             Figure 4.4: Ultrasound-assisted Electro-oxidation (50min) 
 
Multiple bonds in some organic compounds absorb strongly between 250-
400 nm, giving rise to the peak in the UV spectrum (Ewing et al.,.1985 ; Harwood 
and claridge,1997).  Although a minute amount of H2O2 were produced in step 1, 
its contribution to the wavelength range of interest was negligible.  This was 
ascertained by performing an analysis on pure H2O2 alone.  This reduction in area, 
thus, could possibly correspond to a decrease in the concentration of multiple 
bonds of organic compounds in the partially treated solution.  This decrease, in 
turn, could likely be attributed to the restructuring of multiple bonds to simple 
bond structures, thus justifying the hypothesis suggested above.  A check was 
conducted on the UV spectrum belonging to cyan ink effluent treated with the 
conventional Fenton’s reaction, a similar but a greater amount of absorbance 
reduction was found in the 275 nm-400 nm window. 
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This could mean that the formation of such intermediates was a necessary 
step in both treatment methods. We therefore propose that the treatment of cyan 
ink effluent consisted of two reactions in series: the formation of intermediates 
and the degradation of these intermediates.  It was thus deduced that in our 2-step 
treatment scheme, step 1 enhanced the first reaction in forming the intermediates 
while step 2 dealt with the degradation of these intermediates, as in the second 
reaction. Consequently, much less chemicals were needed in our proposed 
treatment scheme. 
 
4.6 Phenomenon of Dye deposition on electrode surface at step 1 
 
During the step 1 operation, dye deposition was observed on the cathode. 
In addition, this deposition process was found to be selective.  Most deposited dye 
was found on the side of the cathode not facing the anode.  The closely spaced 
electrodes in the step 1 arrangement have created a strong anodic and cathodic 
potential field interaction between the electrodes. This overlapping of the potential 
field led to a strong induction motion of the charged ions towards the cathode side 
that not facing the anode. The cavitations promoted coagulation of dyes enhancing 
their attachment to the cathode. This was confirmed through an experiment in the 
absence of ultrasound performed on the cyan ink effluent. It was noted that the 
amount deposited on the cathode was reduced to a thin and lightly adhered layer. 
It was thus concluded that cavitations played a significant role in aiding dye 
adsorption onto the cathode.  
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The effect of ultrasound on the ink solution at this stage may seem to 
promote movement of the coagulated molecules toward the specific cathode site. 
Ensminger (1988) found that ultrasound have no effect on the electrolysis cell 
voltage or the cathode current efficiency in a series of studies on the effect of 
ultrasound energy during electrolysis and electroplating operation. However, he 
found that ultrasound was able to reduce the cathodic and anodic polarization 
during eletrodeposition and permitted an increase in the rate of metal deposition. 
According to these studies, movement of gas bubbles and cavitations in an 
ultrasonic field can affect the acceleration of the process of electrocrystallization. 
He also concluded that the key factor in accelerating electrocrystallization was the 
steady-state micro-eddies that arose in the electrolyte at the surface of the cathode 
in the ultrasonic field. Our result on dye deposition is in accord with his 
conclusion. This phenomenon of dye deposition is thought to be a physical 
separation between the dye and the solvent.  Since the colour of the cyan ink 
effluent is mainly contributed by the dye, the deposition process aided in the 
reduction in the true colour strength of the cyan ink effluent. A significant 
consequence of this was the reduction of the copper concentration in the cyan ink 
effluent during the step 1 process, as depicted in Table 4.9 where the copper 
content was reduced from 140 mg/L to 50mg/L, 64 % reduction. This provides 
strong evidence of the synergistic effect between ultrasound and electrochemical 
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4.7 Quantification of sludge in the 2-step treatment scheme 
 
It was observed that the use of the 2-step treatment scheme resulted in 
significant reduction in sludge produced which was quantified as 1.3 g/L in a 18 
hours settling period as compared to 71 g/L of sludge generated from the 
conventional Fenton’s reaction during the same period, a 98% reduction. The 
sludge that was commonly found in Fenton’s type of treatment schemes consisted 
mostly of Fe (OH) 3.  In order for precipitation of Fe (OH)3, its solubility product 
must be greater than 4 x 10-38M (as at 25oC).  The final pH of the treated cyan ink 
effluent at the end of the 2-step scheme as well as the Fenton’s reaction both 
dropped to a low of about pH 1.8.  Given the acidic condition of the treated ink 
effluent, Fe2+ would be more stable than Fe3+.  Also, with an overall reduced 
addition of Fe2+ in the 2-step scheme, lesser Fe3+ could be formed. 
 
Sludge formed in both processes consisted mainly of iron (III) hydroxide, 
formed during the terminating step of the Fenton’s reaction. The decrease in 
sludge production would most likely to be attributed to the reduction of iron 
catalyst added during step-2 since the contribution of Fe2+ to the reaction mixture 
in step-1 is minimal. With lesser Fe2+ present for reaction with hydroxyl radicals, 
lesser iron (II) hydroxide results. 
 
This hypothesis was further strengthen by conducting a series of 
experiments to find out  how the quantity of sludge generated could be affected by 
the amount of iron (II) sulphate added during step-2. To vary the amount of iron 
(II) sulphate normally used in this research (i.e. 0.016 moles FeSO4/ mole of 
 4-65
Results and Discussion 
H2O2), this ratio was reduced by half to 0.008 in one set of experiment and 
doubled to 0.032 in another set. 




Amt of Iron (II) Sulphate added 





From the results obtained (Table 4.10), the decrease in amount of iron (II) 
sulphate added corresponded to the decrease in quantity of sludge formed.  
 
 The much lower iron concentration present in the step 1 process 
contributed to the overall reduction in the iron salt. The use of the 
electrochemically regeneration of Fe2+ resulted in the desirable slight increased in 
the iron concentration from 34 mg/L to 40 mg/L in step 1 as shown in table 4.9. 
This desirable control of iron in the reaction mixture did not affect the beneficial 
act of step 1 in the conversion of multi-bond structure organic compounds to 
simpler structure reactants. In summary, the acidic environment and reduced 
amount of iron added did not favor the formation of the sludge, thus the 
observation of little/ no sludge from the 2-step treatment scheme. 
 
A rapid estimation of the sludge production during the chemical oxidation 
process was attempted. When the ink effluent had been treated, the sludge was 
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allowed to settle over a one hour period. The RI of the supernatant was 
determined and correlated against the amount of sludge produced. Figure 4.5 
shows the calibration curve for RI versus the sludge dry weight per treated L (RI = 
-0.0044 SL + 1.34, R2 = 0.91). The data obtained were from experiments 
performed in triplicates. It can be seen that the correlation between RI and sludge 
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Figure 4.5: Correlation between the effluent RI and the sludge generation 
  
 
4.8 Application of 2-step process to fade resistant cyan ink effluent 
 
4.8.1 Characterization of the fade resistant Ink 
The established treatment scheme was evaluated on a recently developed 
fade-resistant ink from Epson. Before performing the treatability studies on the 
Epson ink wastewater, the synthetic ink wastewater was first characterized 
according to the proposed quality parameter list outlined in section 4.1.4. The 
characterization results were tabulated in Table 4.11. It was found that the ink 
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effluents had low conductivities and this indicated that they consisted mainly of 
organic compounds that are non-conductive. Their high COD values also 
indicated the high organic content within the ink. Turbidity measurement of the 
black and cyan ink in particular indicated that the amount of suspended particles 
in the ink was exceptionally high as well. Specifically, copper removal from cyan 
ink was also an important factor as the wastewater contained large amount of 
copper measured at 126 mg /L while the ENV discharge limit is only 5 mg/L 
(ENV, 1997). 
 
Table 4.11 Characterization of untreated Epson ink effluents 





pH 6.81 6.61 7.21 6.53 
COD, g/L 11.675 12.225 11.775 12.800 
Conductivity, μS/cm 74.25 73.55 40.1 39.95 
Turbidity, F.A.U. 34650 32500 289 975 
Colour: STCV-3λ, 
A.U. 142.6 54.6 74.05 35.1 
Copper, mg/L - 126 - - 
__________________________________________________________________ 
 
The above information revealed the potential difficulties that could arise 
during treatment of the cyan ink effluent. 
 
4.8.2 Evaluation of the 2-step process on fade-resistant ink with Conventional 
Fenton’s Reaction 
 
The 2-step treatment process was evaluated on the fade-resistant cyan ink 
effluent by comparing it against experiments carried out using the conventional 
Fenton’s reaction. In both methods, hydrogen peroxide was added according to 
the calculated stoichiometric demand of 2.13 COD (Eckenfelder, 2000). However, 
in the conventional Fenton’s reaction, iron (II) sulphate solution was added based 
on the molar ratio of 1: 10 for FeSO4 : H2O2, while for the 2-step processs, the 
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amount of iron (II) sulphate used was only 16% of this requirement. The 
differences in efficiency and competency of both methods were analyzed mainly 
based on COD reduction, sludge production and copper removal. 
 




Process Fenton Reaction 
pH 7.43 6.2 
Conductivity, μS/cm 1980 3235 
Turbidity, F.A.U. <20 <20 
Copper*, mg/L 7.2 36 
COD*, mg/L 3660 1226 
Colour*: STCV-3λ, 
A.U. 4.4 10.6 
All values listed are for neutralized treated ink except for *, which are values for 




For discharge of ink effluent, COD reduction was found to be the most 
stringent treatment criterion among many other parameters such as BOD5 and 
colour. Thus, in this aspect, the first issue to look at when determining the 
effectiveness of a treatment method would be to evaluate its ability in reducing the 
COD of the wastewater. In the second step of the 2-Step treatment process, COD 
of the reacted ink dropped from the initial value of 12225 mg/L by 8565 mg/L to 
366 mg/L after 30 min of treatment. This was in fact, 78% of COD reduction that 
occurred in the conventional Fenton reaction over the same duration of 30 min. 
 
From experimental results, it may appear that the efficiency of the 2-step 
process was slightly behind that of conventional Fenton reaction. However, when 
one considers the fact that in the industry, the Fenton’s treatment process takes 
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typically between 2.5 to 3 hours with much higher chemicals requirements, the 
COD reduction efficiency of the 2-step treatment could be considered to be more 
superior than Fenton’s reaction alone. 
 
Sludge Production 
 Comparing the amount of sludge generated in the 2-Step treatment 
process and Fenton reaction, a much lower sludge quantity was found in the 
former method. The amount of sludge generated in the 2-step process was only 
1.4 g/L, which was only 33% of the sludge produced in the conventional Fenton’s 
reaction (4.4 g/L). This means that by employing the 2-step method, lesser sludge 
would be produced, which in turn, could lead to lower sludge disposal costs and 
lesser environmental damage. 
 
Dye Deposition on Anode 
Cyan dye deposition was found on the anode after ultrasound-assisted 
electro-oxidation in step-1. It was deduced that a major portion of the cyan ink 
components were negatively-charged (i.e. anodic) and thus, were attracted to the 
anode instead of the cathode. Having dye deposited on the anode meant that the 
dye had been physically separated from the solvent. This phenomenon is coherent 
with the drop in colour strength of the partially-treated ink mixture in step-1. 
Since the colour strength was mainly contributed by the cyan dye, its removal 
would therefore correspond to reduction in the visible light absorbance.  
 
In contrast, when electro-oxidation was conducted on the ink effluent 
alone without ultrasound, lesser dye deposition occurred. Therefore, this shows 
the important role cavitation played in enhancing dye removal. 
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The high heavy metals content  in wastewater is a potential source of water 
pollution and can cause severe effects on marine life. Thus, it is a factor worth 
serious consideration when treating ink effluents. It had been shown in previous 
section 4.1.1 and 4.1.6 that HP cyan ink effluent contained significantly higher 
amount of copper as compared to other colour inks.  
 
Similar findings were obtained in the case study conducted on Epson cyan 
ink wastewater. It was found that the initial copper content was exceptionally high 
at 126 mg/L. After the 2-step treatment process, the copper content decreased by 
94 % to 7.2 mg/L prior to neutralization. Given the ENV discharge limit of copper 
to be only 5 mg/L, the present level of copper removal provided by the 2-step 
treatment scheme was still slightly away from satisfaction. However, this result 
was far more superior compared to the conventional Fenton’s reaction. In the 
latter, even when the molar ratio used for FeSO4: H2O2 was 1:10 and the process 
time was extended to 2 hours, copper removal was only 74 % 
 
Three possible process modifications were considered for improving the 
treatment process in this aspect. Two of these consisted of increasing the iron (II) 
sulphate used and/or prolonging the reaction time in step-2. However, these 
possibilities were eliminated since the results from the conventional Fenton’s 
reaction were much worse than the 2-step treatment process.  
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Instead, a more appropriate modification of the 2-step treatment method 
was to increase the process time of step-1. An extension of the process time in 
step 1 from 50 min to 80 min was attempted.  It was found that at the end or the 
two steps, the final copper content could was a low of 2.7 mg/ L prior to 
neutralization. These results indicate that copper removal could be enhanced by 
prolonging step-1 and the importance of careful planning in the process time of 
step-1 during optimization 
 
4.9Model Development for the Integrated Treatment Process 
The development of a simulation model for the ink effluent treatment 
process provides a complementary role in optimizing our 2-step treatment scheme. 
The model that we anticipate is based on both a unit operations and a process 
phenomena approach. To achieve this goal, it is important to obtain as input 
information, the range of the various quality indicators, process monitoring 
parameters, quantification of ultrasonic power density, kinetic data and sludge 
production rate. In this part of the research programme, kinetic data for the 2-step 
treatment process , the quantification of the ultrasound power density and  the 
mean cavitation intensity were determined. 
 
4.9.1 Determination of kinetics for 2-step treatment process 
4.9.1.1 HP Cyan Ink Effluent Kinetic Data 
Reactor design invariably relies on the kinetics of the chemical reaction(s) 
that occur within.  For more accurate design, experimentally determined rates are 
preferred over data generated from hypothetical situations. The reaction kinetic 
expression relates the reaction rate to the reactant concentrations and in general is 
a function of the reaction complexity. The specific reaction rate order with respect 
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to the particular reactant could deviate from the stiochiometric values and must be 
experimentally determined. In the case of ink effluent treatment, since in   the 
reaction mixture is multi-component in nature, and not all the mixture components 
are known with regards to their structure and compositions, treatment efficiency is 
often based on a lumped parameter such as COD can be used as a measure of the 
reactant concentration. 
 
In this study, a batch reactor (1-L beaker) was used to treat 500 ml of cyan 
ink effluent.  The 2-step integrated treatment scheme is analogous to two batch 
reactors operating in series.  The reaction was classified as a homogeneous 
catalytic liquid-phase system for both step 1 and step 2.  In a homogeneous system, 
temperature, pressure and composition are obvious variables affecting the rate of a 
reaction.  However the primary concern in this research was the temperature effect.  
As the reactions occurring in step1 and step 2 were exothermic, the suggested way 
of maintaining an isothermal condition was to maintain a constant temperature of 
the water bath surrounding the reaction volume. From the study of temperature-
dependency, activation energy (Ea) from the proposed 2-step treatment process 
step 2 rate constant with respect to COD could be estimated experimentally.  The 
difference in treatment efficiency attributed to temperature change was 
investigated over the range of   20oC to 50oC in the 2-step treatment process.  For 
step 1, it was assumed that the rate of mass transfer of Fe2+ into the liquid phase 
was not limiting due to the agitation effect supplied by the ultrasonic bath. 
   
A rate based on the formation of intermediates, measured in the UV-
spectrum, using STUV-3λ  would also be considered. The three UV wavelengths 
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were 312nm, 334nm and 356nm. STUV-3λ measurement was able provide an 
indication of the amount of intermediates in the partially treated ink effluent from 
step-1.   Overall, the rates discussed in this experiment would take the form: 
 
m
ssa,sa, Ckr −= 
 
Where.,  
subscript a  denotes: treatment scheme e.g. Step-1 represented                         
as 1, Step-2 as 2  
Subscript s denotes: component e.g intermediates or COD 
Superscript m denotes: order of reaction   
 
The orders of reaction cannot be deduced from any means except through 
performing experiments to observe how the rate would change with the change in 
concentration.  In this study, it was found that both the experimental data collected 
for step 1 reaction intermediate and step 2  COD values  fitted the 2nd order model 
best.  Hence, plots of 1/Ci versus t were obtained and the slope of the line obtained 
corresponded to the rate constant ki.  
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From the kinetic data obtained from the rate constant with respect to 
reaction intermediate in step1 and the COD value in step 2, the respective 
temperature –dependent terms were determined.  The k1,Int was found as k1,Int 
(A.U.-1min-1) = 0.4711 exp (-18215/RT), k1,Int = 3.02 x 10-4 A.U.-1min-1 (298K) for 
rate constant of intermediate reduction in step 1 process. The k2,COD (L/mg-1 
O2.min-1) = 0.0156 exp (-20386/RT), k2,COD = 4.17 x 10-6  L/mg-1 O2.min-1 (298K) 
for rate constant of COD reduction in step 2 process. 
From the reaction order of two for the both step rate expression, it 
indicated that the both reduction rate are highly reactant concentration dependent. 
Denisov revealed that the activation energy of the decomposition of azo 
compounds was reported in the range of 171.1 to 222.5 kJ/mol (Denisov, et.al., 
2003).  He also mention that the activation energy for 2,2-asobis (AIBN) 
decomposition in hydrocarbon and aromatic solution was found to be 127.5 
kJ/mol. This value is higher than the both activation energy for step 1 and step 2 
in the order of 6 to 12 times. The catalystic effect of the step 2 can be seen from 
this low activation energy and the both reaction step are relatively temperature-
insensitive. Since the reaction order of two was ascertain in the kinetic test, 
viewing the both step reactions as a homogeneous bimolecular reactions was 
reasonable assumption. Both of the frequency factors were small and these 
indicate that the reactants were highly complex. The experimental determined 
activation energy can not be higher than some reasonable approximation of the 
bond strength of the weakest bond in the colliding species. Hence, the activation 
energies found for the both steps treatment process were not higher than the 
highest typical bond strengths in organic molecules about 300  kJ/mol. 
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4.9.1.2 Fade- resistant Cyan Ink Effluents Kinetic Data 
 
To facilitate better understanding of the reaction kinetics in the second step 
of the 2-step treatment process for the fade resistance cyan ink effluents, a rate 
equation comprising of the influence of all the ink components as a lumped 
parameter will be developed. This rate equation characterizes the rate of reaction 
and its formulation was done through an empirical curve-fitting procedure.  
 
In the 2-step treatment scheme, a batch reactor was used for treating ink 
effluent as it was easily adaptable for laboratory-scale experiments and requires 
little auxiliary equipment. In practice, there can be a number of different ways to 
monitor reaction progress in a batch reactor; for instance by following the change 
in selected physical properties such as electrical conductivity or refractive index 
of the reacting solution, following the change in volume of a constant-pressure 
system, or following the change in concentration etc. From the previous section 
on the ink effluents characterization study, the most convenient and practical 
method of studying the reaction kinetics for the fade resistance cyan ink effluent 
would be the changes in COD of the reaction mixture since COD is an obvious 
indication of the organic pollutant level present. 
  
Determining the Order of Step-2 Reaction 
 
Step-2 was classified as a homogenous catalytic liquid-phase reaction 
system and the reaction rate for such systems is the sum of rates of both the 
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catalyzed and uncatalyzed reactions. The temperature and pressure were fixed at 
33.8oC and 1 atm respectively, while volume of the reaction mixture, V was 
assumed to remain constant throughout the experiment. The total concentration of 
reacting ink components, Ci would be represented by COD readings of the 
reacting mixture To determine the order of reaction with respect to Ci, the integral 
method was used (Levenspiel, 1999); different forms of the rate equation were put 
to test by integrating and plotting the experimental Ci versus t data in the form of 
the integrated function. When a reasonably well-fitted straight line is obtained, the 
rate equation can considered to be satisfactory for representing the reaction 
kinetics. 
 
As a first step, the experimental data were tested for first order kinetics 
where m = 1 in equation 16. Upon integration, the rate equation becomes 
                                                      Eqn. (4-3) -ln (Ci /Ci0)  =  kt
 
A plot of ln (Ci/Ci0) vs. t (figure 4-3) was made and it became apparent 
that experimental data did not follow the first order rate equation.  
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Next, the order of the reaction was increased by one (i.e. m = 2), which 
upon integration yields 
 
      ==  kt   ==    kt                    Eqn. (4-4)     1        1 
Ci       Ci0    
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Figure 4.9:  Integral method test for second order kinetics of step-2 in 2-step treatment 
process. 
 
Therefore, via the integral method, it can be concluded that the reaction in 
step-2 is second order with respect to the level of organic pollutants in the reaction 
mixture (indicated by COD readings). 
 
Temperature-dependency of Step-2 
 
The temperature-dependent term of a rate equation, rate constant k, can be represented 
by 
    k  =  k0 exp (-Ea/RT)   Eqn. (4-5) 
  
where k0 is the frequency factor for the reaction. 
 
Taking the natural logarithm of both sides,  above equation becomes 
 
   ln k  =                      +   ln k0    Eqn. (4-6) R T
Ea   1 
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A plot of ln k vs. 1/T will thus produce a straight line with slope = -Ea/R and 
intercept = ln k0. These can then be used to determine the values activation energy, Ea 
and frequency factor, k0 of the reaction.  
 
To do this, three sets of experiments were carried in similar experimental 
conditions. The only difference between the experiments was the mean temperatures 
at which step-2 were performed. The three temperatures were at intervals of around 
10K at 295.5K 306.8K and 316.8K. From the plot of ln k vs. 1/T as shown in Figure 
4-5, Ea was calculated to be 82.7 kJ/mol while k0 = 1.043 x 108. It is deduced that due 
to the partial degradation of ink molecules during step-1, the activation energy 
required in step-2 should be much lower than what would be necessary in the 
conventional Fenton reaction. Another point to note is that within the tested 
temperature range, step-2 is behaves as an endothermic reaction. This can be inferred 
from the positive effect temperature increase have on the reaction rate.  
 












Figure 4.10:  Plot of Arrhenius’ equation for step-2.  
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4.9.2 Development of Ultrasound Power Density Correlation 
The two-level full factorial experimental design method was employed in 
the development of the ultrasound power density correlation. The minimum 
number of experiments, N, required was calculated based on the number of 
parameters investigated, namely 4: 
 
N = 2k, where k = number of parameters = 4 
 
N = 24 = 16 
 
In our study, a small modification was made in that 19 experiments were 
conducted and the best 16 were chosen. As such, the distribution of the high and 
low settings was not the same as that described in the literature. However, in 
general, the number of high and low settings was quite balanced and they were 
evenly distributed. For the two-level full factorial experiments, multivariable 
linear regression was used to obtain a linear correlation from the experiment. The 
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Table 4.13: Results of Experiments for Quantification of Ultrasound Power Density in 
Reaction Vessel. 
Expt No. PdB (W/cm3) A (cm2) d (cm) x (cm) Pd 
(W/cm3) 
1 
 0.02043 64.26 1.0 0.75 0.01636
2 
 0.02043 64.26 1.0 0.0 0.01483
3 
 0.02043 64.26 2.0 1.2 0.011642
4 
 0.02043 64.26 2.0 0.0 0.01518
5 
 0.02043 26.06 1.0 1.7 0.01566
6 
 0.02043 26.06 1.0 0.0 0.01587
7 
 0.02043 26.06 2.0 1.8 0.01552
8 
 0.01096 64.26 1.0 1.9 0.008801
9 
 0.01096 64.26 1.0 0.0 0.009009
10 
 0.01096 64.26 3.5 1.3 0.008455
11 
 0.01096 64.26 3.5 0.0 0.008732
12 
 0.01096 39.48 1.0 1.0 0.007970
13 
 0.01096 39.48 1.0 0.0 0.008801
14 
 0.01096 39.48 1.3 1.7 0.007831
15 
 0.004116 64.26 1.0 0.0 0.003105
   
 
Where  Pd = Power density in reaction vessel (W/cm3) 
      Pdb = Power density of ultrasonic bath (W/cm3) 
      Av  = Base area of reaction vessel 
      d = distance between base of vessel and bottom of bath (cm) 
       x = difference between level of water in suspended vessel and level of        
water in bath (cm) 
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Linear Regression was performed according to the method proposed by 
Ray and Gupta (2000). To avoid getting an ill-conditioned matrix in subsequent 























The following table of values was obtained with x0 inserted to account for 

















Results and Discussion 
Table 4.14: Transformed Values to be used in Linear Regression Calculations 
x0 X1 X2 x3 x4 Pd 
1 
 1.000368 1.00000 -0.6 0.25 0.01636
1 
 1.000368 1.00000 -0.6 -1.0 0.01483
1 
 1.000368 1.00000 1.4 1.0 0.011642
1 
 1.000368 1.00000 1.4 -1.0 0.01518
1 
 1.000368 -2.08313 -0.6 1.83 0.01566
1 
 1.000368 -2.08313 -0.6 -1.0 0.01587
1 
 1.000368 -2.08313 1.4 2.0 0.01552
1 
 -0.16023 1.00000 -0.6 2.17 0.008801
1 
 -0.16023 1.00000 -0.6 -1.0 0.009009
1 
 -0.16023 1.00000 4.4 1.17 0.008455
1 
 -0.16023 1.00000 4.4 -1.0 0.008732
1 
 -0.16023 -1.00000 -0.6 0.667 0.007970
1 
 -0.16023 -1.00000 -0.6 -1.0 0.008801
1 
 -0.16023 -1.00000 0.0 1.83 0.007831
1 
 -0.99963 1.00000 -0.6 -1.0 0.003105
1 
 -0.99963 1.00000 0.0 -1.0 0.002744
 
The data was then fitted by multivariable linear regression according to the 
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The 5×5 coefficient matrix and the matrix on the right hand side of the 
equation were obtained by taking the cross-products of the relevant columns of 
























































The inverse of the coefficient matrix was found and multiplied with the 





























































































































The preliminary correlation (ignoring higher order interaction factors) 
obtained was: 
 
Pdv = 0.001905 + 0.709017 (Pdb) – 0.00005 (Av) – 0.000013(d) – 0.00018(x) 
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where  Pdv = Power density in reaction vessel (W/cm3) 
      Pdb = Power density of ultrasonic bath (W/cm3) 
      Av  =  Base area of reaction vessel 
      d    =  Distance between base of vessel and bottom of bath (cm) 
                           x    = Difference between level of water in suspended vessel and level   
of water in bath (cm) 
 





and Pd is calculated in W/cm3. 
A test set using a different ultrasonic bath from the ones used to obtain this 
correlation was run. The values of the parameters are input into the correlation and 
the result compared with the measured value of the power density. For the test run, 
the values of the parameters are as follows : 
PdB=0.009702 W/cm3
A = 64.26 cm2
d = 1.0cm 
x = 0 cm 
Substituting these values into the correlation, we obtain Pd = 0.007473 
W/cm3 
From the experiment conducted with this test bath, the value of Pd = 
0.006693 W/cm3. 
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         = +11.7% 
 
The correlation was tested using a different ultrasonic bath and the error in 
the prediction was found to be 16%. The kinetics and the power density 
correlation obtained in this study will be used, in future studies, to develop a 
computer model for an integrated treatment process, incorporating the 2-step 
sonolysis process, using a commercially available software, SuperPro Designer. 
The computer model developed can be used as a screening tool for both the 
designer and the owner of treatment plants for systems upgrading evaluation, as 
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4.9.3 Determination of Mean Cavitation  Intensity 
To measure cavitation intensity within the ultrasound bath, the caviation 
intensity meter (Alexy, USA) was used. It had been calibrated in units “CAVIN” 
(for CAVitation Intensity), which is based on the results of experiments conducted 
on many different kinds of ultrasonic systems. The meter is able to measure 
intensity from 0 to 1000 CAVINS, with 1000 CAVINS being an arbitrarily 
assigned value for the highest intensity measured in some of the tested baths. It 
serves as a monitor of cavitation and is especially useful in situations, where the 
untreated wastewater is highly turbid and bubble formation cannot be seen by 
visual observation. The advantage of having such a monitoring system is that it is 
an independent detection method apart from the calorimetric method. While the 
calorimetric method measures power density of the system and assumes all the 
absorbed acoustic energy has been converted to heat, the cavitation intensity meter 
measures the intensity of the transmitted sound waves. By correlating the power 
density and cavitation intensity of the system, the power intensity of ultrasound, 
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Table 4.15: Cavitation intensity measurement at different positions within ultrasonic 
reactor 
  Co-ordinates 
  x y Z 
Mean Cavitation 
Intensity (CAVINS) 
0 0 2 415 
0 0 4.46 330 
0 0 7.46 290 
13.75 0 2 200 
13.75 0 7.46 135 
13.75 6.5 7.46 105 
Without Beaker 
[Power Density 
= 0.0106 W/cm2] 
 
0 0 2 335 
0 0 4.46 230 
0 0 7.46 180 
13.75 0 2 195 
13.75 0 7.46 130 
13.75 6.5 7.46 85 
Glass Beaker 
[Power Density 
= 0.0106 W/cm2] 
 
0 0 2 295 
0 0 4.46 215 
0 0 7.46 120 
13.75 0 2 145 
13.75 0 7.46 90 
13.75 6.5 7.46 40 
Plastic Beaker 
[Power Density 
= 0.00827 W/cm2] 
 
0 0 2 290 
0 0 4.46 240 
0 0 7.46 205 
13.75 0 2 210 
13.75 0 7.46 130 








In the experiment, wherein cavitation intensities at different locations 
within the bath have been measured, the range of intensities lie between 375 
CAVINS at co-ordinates (0, 0, 2) to 95 CAVINS at (13.75, 6.5, 7.46), which 
represent the nearest and the most remote points where readings had been taken. 
This difference in intensity values can be accounted for by the attenuation of 
sound waves, as it passes through the liquid medium. Attenuation occurs as a 
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result of reflection, refraction, diffraction or scattering of the wave or conversion 
of the wave’s kinetic energy into heat. 
 
The intensity value that would be of greater interest here would be the 
mean cavitation intensity within the reaction volume (i.e. glass beaker). A mean 
value of 248.3 CAVINS had been obtained and this meant that during industrial 
scale up of the ultrasonic reactor, the intensity value of the vessel must be able to 
meet this value in order for the same extent of reaction to occur. 
 
4.10 Preliminary design approach for 2-step process at industrial scale 
 
From the small-scale laboratory experiments, in-depth understanding of 
the 2-step treatment process has been gained. It is also apparent that this method 
brings many benefits, for instance, ultrasound-assisted electro-oxidation lowers 
chemical requirement of the degradation process and results in a lower sludge 
production. The practical aspect of this treatment scheme should be realized by 
scaling-up to industrial scale. To provide a general idea of building the 2-step 
treatment plant, a preliminary-designed flowsheet and computer program for 
calculating the chemical requirement have been included. Basic estimation of 
reactor sizing, capital cost and neutralization requirement have also been made for 
assessing the economic prospect of this design. 
 
 Preliminary Flowsheet Design 
 
The flowsheet and equipment description in Figure 4-9 and Table 4-2 outlines the 
preliminary design for the 2-step treatment plant. Ink effluent from washing and 
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cleaning procedures in the production plant are channelled into the holding tank, 
T-1 via inlet stream, at a flowrate of 6.25 – 125 L/h. The holding tank should be 
continuously-stirred to avoid coagulation. Based on the typical volume (3 m3/day) 
of ink wastewater generated in most ink manufacturing plants, it would take 
approximately 24 hours to fill the tank up to the safety limit of height (70% of the 
tank height) when the maximum flowrate of 125 L/h is employed. P-1 is 
scheduled to pump ink effluent from the holding tank into the ultrasound reactor, 
U-1, according to step-1 process time of 50 – 80 min. The capacity of a typical 
large-size cleaning bath is (3ft x 18’ x 2 ft) and should be able to provide a mean 
caviation intensity of 192.5 CAVINS (see explanation in section 4.10.3) and an 
average power density of 0.0106 W/cm2. To control the release of Fe2+ into the 
reacting mixture, anodic current density should be maintained at the laboratory 
standard of 50 mA/cm2. Cathodic current density also can be used in place of 
anodic current density, but the latter form is more conventional. Multiple pairs of 
electrodes can be installed to prevent the voltage requirement from exceeding the 
safety limit of 50 V. 
 
After the completion of each batch in step-1, P-2 will be scheduled to pump the 
partially degraded ink into the step-2 reactor, R-1. R-1 serves as a storage tank 
until the end of each day, when approximately 3 m3 of ink has accumulated, step-2 
will then be carried out. Step-2 requires an average process time of 30 minutes 
and for every mole of hydrogen peroxide added, 0.016 moles of iron (II) sulphate 
will be added. Iron (II) sulphate should be dissolved in ultra-pure water and mixed 
uniformly into the system prior to the addition of hydrogen peroxide.  
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Neutralization of the reacting mixture will be necessary subsequent to step-2 as 
the Fenton reaction will cause an increase in acidity of the mixture to around pH 2 
– 3. A negative feedback control circuit (Coughanowr, 1991) is proposed for 
controlling the neutralization process: the controlled variable in this case would be 
the pH of the reacting mixture and the set point is defined to lie between pH 6-9 to 
match the ENV discharge limit. Difference between the measured pH and set 
point will enter the controller, which in turn adjusts the amount of dilute sodium 
hydroxide released to shift the pH of the system towards the set point. To improve 
the efficiency of the neutralization process, a buffer index can be used for rapid 
calculation of sodium hydroxide requirement. Further processing of the treated ink 
effluent involving clarification, filtration and sludge drying will not be discussed 






In some wastewater treatment plants where neutralization processes are involved, 
a buffer index have been used to determine the amount of neutralizing reagent 
necessary for pH adjustment of the wastewater. The buffer index in our case is 
defined as the number of moles of sodium hydroxide required per unit pH change 
per unit volume of the treated ink mixture. For instance, in the 2-step treatment 
process for the fade resistance ink effluent, the buffer index found for pH range of 
2.41 – 7.74 was 0.0269 with a percentage error of ±11%.  
 
It would therefore be time-saving to add the calculated amount of sodium 
hydroxide into the system as an initial starting point before allowing the controller 
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to take over the fine-tuning procedure. In places such as most developing-
countries, where pH control over waste water discharge is less stringent, a 
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Table 4.16 Equipment and scheduling information of  2-step treatment plant. 
Equipment Size and Operating Conditions 
    
 Storage tank, T-1:  
  H/d 0.8 – 0.9 
  Height, m 1.52 - 1.644 
  diameter, m 1.9 – 1.827 
  Mixing, rpm 1 – 30 
  Flowratein, L/hr 6.25 - 125 
    
 Ultrasound Reactor, U-1:  
  Size 3ft x 18'' x 2ft 
  Power Intensity*, W/cm2 10.6 
  Mean Cavitation Intensity*, CAVINS 192.5 
  Anodic Power Density, mA/cm2 50 
  Flowratein , L/hr 744 - 992 
    
 Reactor, R-1:  
  H/d 0.8 – 0.9 
  Height, m 1.52 - 1.644 
  diameter, m 1.9 – 1.827 
  Mixing, rpm 10 - 30 
  Flowratein, L/hr 744 - 992 
        
    
    
Scheduling Information 
    
 Storage tank, T-1:  
  hmax = 0.7 H, m 1.064 - 1.15 
  tmax , hr 482 - 24.08** 
  hmin = 0.15 H, m 0.228 - 0.2466 
  tmin , hr 103.4 - 5.17 
  hmean = 0.425 H, m 0.646 - 0.6987 
  tmean , hr 293.1 - 9.466 
    
 Step-1:  
  Amt to be processed per batch, m3 0.248 
  Process time per batch, min 50 - 80 
  Setup and washing time per batch, min 30 
  t Step1 per batch, hr 1.333 - 1.833 
  Total time for Step-1 per day, hr 16.2 - 22.2 
    
 Step-2:  
  Amt to be processed per batch, m3 3 
  Process time per batch, min 30 - 45 
  Setup and washing time per batch, min 30 
  Total time for Step-2 per day, hr 
      
*These values represent the minimum requirements of the ultrasound reactor. 
1 - 1.25 
  
**Time taken to fill the tank to maximum height is 24 hr, based on the maximum flowrate of 125 L/hr. 
Results and Discussion 
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Economic Assessment  
 
To provide a brief overview of the economic requirements of building the 2-step plant, 
analysis of the equipment cost and raw material requirement had been included in Table 3.  
It is not surprised that the initial equipment cost of implementation of such scheme to the 
existing plant is unavoidable. However, a careful design evaluation of the running cost 
saving in the mid term and long term will favour the application of such treatment 
process. Since this economic assessment merely rely on the preliminary flowsheet design 
data, certain detailed for the actual installation may be left out. Thus, a detailed economic 
assessment will be performance with the full scale treatment design data which usually  
are made available in the later part of the treatment plant upgrading programme 
Results and Discussion 
Table  4.17   : Equipment cost and manufacturing requirements of 2-step treatment plant. 
Equipment Cost  
    
 Storage Tank*, T-1:  
  Type Blending tank 
  Material 304 Stainless steel  
  Cost, $ 2200 
    
 Ultrasonic Reactor, U-1:  
  Type Ultrasonic cleaning bath 
  Material 304 Stainless steel  
  Cost, $ 1500 
    
 Pumps*, P-1 and P-2:  
  Type Centrifugal Pump 
  Material Stainless steel  
  Cost, $ 1500 
    
 Reactor*, R-1:  
  Type Batch reactor 
  Material 304 Stainless steel, jacketed, agitated  
  Cost, $ 12000 
        
    
    
Manufacturing Requirements (per day) 
    
  Raw Materials: 
  Hydrogen peroxide (30% wt/v), L/day 238.2 
  Iron (II) Sulphate, kg/day 10.22 
  Water (for dissolving iron (II) Sulphate), L/day 46.4 
    
 Utilities:  
  Electricity**, ¢/kWh 10 
  Cooling Water**, ¢/ton 10 
        
 All values listed are in US dollars or cents. 
 *Values are estimated with reference to (Garrett, 1989). 
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CHAPTER 5 
 




For the ink-jet printer ink industry using the iron (II) catalysed H2O2 as the 
wastewater treatment process, seven parameters (pH, COD, BOD5, TDS, phenols, 
iron, copper and sulphates) were identified that pose risk of non-compliance to the 
discharge limits. COD reduction was found to be the most stringent treatment 
criterion among COD, BOD5 and colour. From the waste water characterization study, 
use of a deterministic method to estimate the COD value for the manufacturer’s 
specific untreated ink effluent was a viable approach for assessing the quality of the 
waste water. A simple and rapid on-site water quality parameters which consists of 
the measurement of the ultra-violet (UV) absorption (wavelength at 210 nm), 
conductivity, pH, turbidity and color to sufficiently describe the quality of the treated 
ink effluent was also proposed. A gauge of 135 mg/L of copper content for an 
untreated ink effluent containing cyan colorant was set to determine the need for 
additional copper removal treatment. In this study, the measurement of oxidation-
reduction potential (ORP) and temperature were found to be viable progress 
indicators in the Fenton’s type treatment process. 
 
A study involving sonolysis, electro-oxidation and the use of the hydrogen 
peroxide in various arrangements was performed and successfully lead to the 
development of a novel two steps treatment scheme for application in the ink-jet 
effluent .A comparison of the sludge production rate as well as the COD reduction for 
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this novel two steps treatment scheme with the Fenton’s process was also conducted 
within the 3 hours of operation. The kinetic study for this proposed scheme lead to the 
validation of the hypothesis of reaction scheme involved in the treatment of cyan ink 
effluent via the detection of the reaction intermediates in a carefully selected UV 
spectrum. 
 
Several rapid methods for monitoring reaction progress and ink effluent 
quality assessment have also been developed.  In order to develop the novel two-step 
treatment process at the industrial scale, various correlations were determined for the 
different vital process parameters needed as model input for computer simulations. In 
particular, correlations for the power density for the reaction vessel within the 
conventional ultrasound baths and the kinetic data for various treatment steps were 
obtained. 
Industries such as printing, coating, special chemicals related to dye, 
packaging and textile factories are likely to generate waste streams that contain highly 
non-biodegradable organic matter. The research outcome of this study, specifically 
the development of an advanced oxidation process employing ultrasonic irradiation 
will aid these industries in the implementation of an upgrading programme in 
weighing against alternative options or pretreatment units to be integrated into their 





Conclusions and Recommendations 
5.2 Recommendations for Future Research  
One future research area arises from this study will be the development of the 
large-scale two step treatment process. This is dependent upon the possibility of 
scaling up the excellent laboratory results for industrial use. The first step in the 
progression from the laboratory to large scale is to determine whether the ultrasonic 
enhancement is the result of a mechanical or a chemical effect. If it is mechanical 
then ultrasonic pretreatment of slurry may be the only requirement before it subjects 
to a subsequent conventional type of reaction. On the other hands, for the 
sonochemical type of nature, then sonication must be provided during the reaction 
stage. The next decision will be the operation mode (Batch or continuous flow) and 
selection of the ways that ultrasonic energy being introduced into the reacting 
medium. 
 
The batch sonochemical reactor will require the provision of chemical 
resistant walls, a sealed lid for possible work under an inert atmosphere and 
mechanical stirring. Ultrasonic cleaning bath is an obvious batch treatment processor. 
Nevertheless, an alternative batch reactor configuration would involve using a 
submersible transducer assembly. The transducers are bonded to the reactor interior 
wall and can be designed to fit into any existing reaction vessel. In contrast to the 
batch operation, the flow systems are generally regards as the best approach to 
industrial-scale sonochemical processor. The common arrangement consists of a flow 
loop outside a batch reactor, which acts as a reservoir within which conventional 
chemistry can take place. Such an arrangement allows the ultrasonic dose of energy 
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entering the reaction to be controlled by the transducer power input and flow rate 
(residence time). Temperature control is achieved through heat exchange in the 
circulating reaction mixture. Pipes with different geometry can be converted to flow 
processors by generating ultrasonic vibrations through their walls. The advantages of 
this arrangement are the high flow rate handling capability as well as able to process 
viscous fluid.  
Another area of research interest arise from this study is the potential of using 
the longitudinally vibrating transducer on the 2-step industrial scale treatment process. 
Bhirud had conducted the formic acid degradation using the longitudinal vibration 
concept in the sonochemical reactor configuration. The net degradation in mole/L per 
unit supplied power density (cavitational yield) for the longitudinally vibrating 
reactor is 7 fold more than the ultrasonic bath (Bhirud, 2004). Hence, based on the 
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Appendix A1: Allowable limits for trade effluent discharged into a public sewer/ 





Appendix A2: COD contributions by H2O2, FeSO4 and quenching reagent 
























COD contribution (mg/L O2) Concentration 
Raw Average





H2O2 (1 ppm) - - - 0.456 










Acid Yellow 23(Acid Yellow XX-SF, produced by Hoechst): 
 Polyethylene glycol (average molecular weight: 200) 








Acid Blue 9 (Acid Blue AE-SF, produced by Hoechst): 
Diethylene glycol  








Acid Red 52 (Acid Rhodamine B-SF, produced by Hoscchst): 
Tripropylene glycol (average molecular weight: 200) 








Direct Black 168 (Direct Black HEF-SF, produced by Hoechst): 
Glycerol 



















































































































































































Figure A4.8: Comparison between cyan ink effluent treated with 
2-step integrated treatment scheme (on the left) and by Fenton (on the right) 
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Appendices 




Table A5-1 Kinetic Data for step-1 (293K) 
 
Time/min 356nm 334nm 312nm STUV-3λ
0.0 17.060 23.619 19.111 60.590
9.5 16.840 23.402 19.781 60.023
15.0 15.606 19.072 15.135 49.813
20.0 14.596 17.670 14.824 47.090
25.0 11.376 14.367 13.792 39.535
30.0 11.379 15.434 14.275 41.088
35.0 10.513 14.666 13.782 38.961
40.0 9.725 13.961 11.289 34.975
45.0 9.392 13.754 11.896 35.042






Table A5-2 Kinetic Data for step-1 (303K) 
 
Time/min 356nm 334nm 312nm STUV-3λ
0.0 17.160 23.738 19.877 60.775
9.5 16.874 23.452 19.877 60.203
15.0 13.871 19.162 16.731 49.764
20.0 12.584 17.160 15.440 45.184
25.0 10.725 14.586 13.442 38.753
30.0 11.297 15.444 14.157 40.898
35.0 10.153 13.728 13.299 37.180
40.0 9.152 12.155 11.869 33.176
45.0 8.723 11.869 11.726 32.318




























Table A5-3 Kinetic Data for step-1 (313K) 
 
Time/min 356nm 334nm 312nm STUV-3λ
0.0 17.303 24.024 20.163 61.490
9.5 16.302 22.165 18.590 57.057
15.0 14.872 20.020 16.874 51.766
20.0 12.155 16.302 14.443 42.900
25.0 11.726 15.587 14.157 41.470
30.0 10.153 13.442 12.870 36.465
35.0 9.438 12.727 12.155 34.320
40.0 9.724 12.870 12.584 35.178
45.0 9.009 11.869 11.583 32.461







Table A5-4 Kinetic Data for step-1 (323K) 
 
Time/min 356nm 334nm 312nm STUV-3λ
0.0 16.880 25.119 19.371 61.370
9.5 16.723 24.995 18.417 60.135
15.0 14.109 17.392 16.374 47.856
20.0 12.155 16.013 13.269 41.437
25.0 11.275 12.747 12.505 36.527
30.0 11.035 12.621 12.593 36.249
35.0 10.997 12.504 12.422 35.923
40.0 8.129 10.296 9.694 28.119
45.0 7.337 8.872 8.267 24.476






























Table A5-5 Kinetic Data for step-2 (293K) 
 
(Uint in COD)
Time/min CA1 CA2 CA3 CA mean
0 10110 10150 10310 10190.0
6 8200 8390 8210 8266.7
8 8160 8280 8150 8196.7
10 7280 7150 7140 7190.0
15 6730 6940 6760 6810.0
20 6660 6420 6400 6493.3
25 5480 5450 5720 5550.0
30 4080 4050 4270 4133.3






Table A5-6 Kinetic Data for step-2 (303K) 
 
(Uint in COD)
Time/min CA1 CA2 CA3 CA mean
0 10380 10530 10230 10380.0
10 9440 8160 7900 8500.0
15 5740 6310 6100 6050.0
20 4390 6100 4930 5140.0
25 5160 4950 4590 4900.0
30 3520 4180 4600 4100.0


































Table A5-7 Kinetic Data for step-2 (313K) 
 
(Uint in COD)
Time/min CA1 CA2 CA3 CA mean
0 10000 9610 9730 9780.0
6 7300 7620 7580 7500.0
8 7650 8100 8010 7920.0
10 6000 7300 6620 6640.0
15 5200 5580 5860 5546.7
20 4940 5300 4780 5006.7
25 4820 4940 4700 4820.0
30 4120 3780 3860 3920.0







Table A5-8 Kinetic Data for step-2 (323K) 
 
(Uint in COD)
Time/min CA1 CA2 CA3 CA mean
0 10030 9810 9770 9870.0
6 6510 6420 6930 6620.0
8 5900 6060 5860 5940.0
10 5760 6050 5800 5870.0
15 4170 4440 4230 4280.0
20 3550 3730 3640 3640.0
25 3480 3650 3490 3540.0
30 3070 3350 3060 3160.0
























Appendix A6 :   COD reading for Fade Resistance Ink Step 2 kinetic data 
 
Table A6-1: COD readings for kinetic study conducted on 2-step treatment process 
 
Time (sec) CA,1 CA,2 CA,3 CA, mean
0 11430 11160 11160 11250 
10 9220 8950 9070 9080 
30 7530 7310 7240 7360 
50 6680 6760 6720 6720 
70 6520 6490 6430 6480 
90 6480 6420 6420 6440 
110 6210 5950 5960 6040 






Table A6-2: COD readings for kinetic study conducted on 2-step treatment process 
 
Time (sec) CA,1 CA,2 CA,3 CA, mean
0 11750 11840 11810 11800 
15 6410 6380 6350 6380 
35 5520 5320 5240 5360 
50 5240 5350 5610 5400 
68 3130 2950 3070 3050 
85 3040 2940 2960 2980 
100 2970 3100 3110 3060 





Table A6-3: COD readings for kinetic study conducted on 2-step treatment process 
 
Time (sec) CA,1 CA,2 CA,3 CA, mean
0 11500 11600 11250 11450 
10 10800 10500 10200 10500 
30 9670 9580 9550 9600 
50 9290 9270 9340 9300 
70 9070 9030 9200 9100 
100 8750 8660 8690 8700 
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Figure A7-2: Integral method test for second order kinetics of step-2 in 2-step treatment 




















Figure A7-3: Integral method test for second order kinetics of step-2 in 2-step treatment 
process (Mean temperature = 22.5oC) 
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A characterization study on synthetic wastewaters containing various 
commercially available ink-jet inks was conducted. Analysis of this resulted in the 
identification of seven high-risk non-compliance parameters. A deterministic 
approach based on Beer’s law of absorbance additivity was developed for 
determining the COD of mixtures of ink effluents using absorbance measurements at 
four specific wavelengths. Based on an in-depth analysis of the compositions of ink 
effluents, a list of simple and rapid on-site water quality parameters was proposed for 
monitoring the quality of the treated ink waste water. The feasibility of combining 
ultrasonication and Fenton’s reaction was investigated for treating various cyan ink 
effluents, including the recently developed fade and smear resistance inks. Based on 
the results obtained in the feasibility studies, a novel two-step treatment process was 
developed – the first step was an ultrasound-assisted electro-oxidation, while the 
second was chemical oxidation with the addition of hydrogen peroxide. Several rapid 
methods for monitoring the reaction progress and ink effluent quality assessment 
have also been developed.  In order to develop the novel two-step treatment process 
at the industrial scale, various correlations were made based on a number of vital 
process parameters needed as model input for computer simulations. In particular, 
correlations for the power density for the reaction vessel within the conventional 
ultrasound baths and the kinetics data for various treatment steps were obtained. 
Keywords: Wastewater treatment, Ink effluents, Oxidation, Assessment, Sonolysis, 
Electro-oxidation 
 
